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SECTION 8

INTRODUCTION

All experimental and analytical results obtained under this program, a

study of the Apollo thermal protection system under simulated reentry condi-

tions, were presented in Part I together with all the necessary support

information on test apparatus, technique, and models, and on the analytical

prediction techniques. Part II, contained herein, presents the analysis and

interpretation of these results. For the sake of continuity within this part

of the report, Part II is written as a separate document and includes essen-

tially all material response information necessary to the interpretation and

analysis of the results. The general background information and program

description is also included for completeness in this introductory section.

Section 8.1 presents a general introduction which is basically the introduction

to Part I, and Section 8.2 presents a brief program outline. As noted in

Section 8.1, Section 9 which follows presents the analysis of the material

response, Section i0 presents a summary of this analysis in the form of a

descriptive characterization of the material response, and Section ii presents

recommendations for future work.

8.1 GENERAL INTRODUCTION

The design and qualification of the Apollo thermal protection system

requires an accurate knowledge of the system ablative material response to

atmospheric entry conditions. For entry from the Apollo lunar mission, these

conditions encompass a broad spectrum of enthalpy, pressure, heat flux, both

convective and radiative, and shear. The response of the thermal protection

material to this reentry environment must be known so that the system design

has adequate protection capabilities but minimum weight. In order to define

and evaluate this material response, ground tests that closely simulate the

conditions of manned lunar return are required. Arc plasma generator testing

provides an ideal means for simulating these conditions. An extensive test

program on the Apollo thermal protection system material, using an arc plasma

generator to simulate the broad spectrum of conditions experienced by the

Apollo vehicle, was therefore performed. The results of this test program

are presented in this report.

Because of scaling problems and the time variation of the above mentioned

environmental parameters, it is not possible to exactly duplicate simulta-

neously all trajectory conditions in a ground test facility. The test results

must therefore be related to empirical or theoretical prediction techniques

which can then in turn be used to predict the thermal protection system

response to flight trajectories. An analysis of the test results in the light

of this requirement is also included herein.
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This report is divided into two basic parts, Part I which presents all
results obtained under the program and Part II which discusses and analyzes
these results. Part I is a separate documentand is divided into seven
sections. Section 2 presents an outline of the overall program to provide the
reader a brief but complete look at the total program. Section 3 presents the
descriptions of the test facilities in which the reentry simulation tests were
performed. Section 4 presents a detailed description of all test models of
the thermal protection system material used in the program. Section 5
presents all instrumentation and the data reduction techniques. Section 6
presents all test results obtained under the program including the test model
response to the broad spectrum of conditions to which they were exposed, the
test conditions calibration results, and the results of chemical and physical
properties tests on someof the tested models. Finally, Section 7 presents
the results of analytical predictions of material performance madefor a
broad spectrum of conditions including several corresponding to model tests.

Part II, contained herein, provides the discussion and analysis r.f _°h_
test results. Section 9 provides the interpretation and analysis of all
results obtained under the program including the reentry simulation test
results, the analytical prediction results, and the chemical and physical
properties test results. Section i0 presents a summaryof all results in the
form of a descriptive characterization of the material response based on all
program results. Finally, Section ii presents recommendationsfor future
work.

The authors express their appreciation to the manyNASAand Aerotherm
personnel who have contributed to the program. The contributions of Mr.
Donald J. Tillian, the NASA-MSCTechnical Monitor, and Mr. Donald M. Curry,
also of NASA-MSC,are gratefully acknowledged. Particular thanks go to Mr.
RoyM. Wakefield of the GasdynamicsBranch of NASA-Ameswho conducted the
combined convective and radiative heating test program in the NASA-AmesEntry
Heating Simulator. The Aerotherm staff memberswho contributed to the
program include Mr. Roald A. Rindal and Dr. Robert M. Kendall of the techical
staff, Mr. ThomasWongwho performed all design work and assisted in the
testing, and Mr. Francis J. McKinley who served as chief technician; t_eir
efforts _re gratefully acknowledged.

8.2 PROGRAMDESCRIPTION

The complete program performed under this contract, NAS9-5430, is

outlined briefly below. The program was divided into three basic efforts for
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study of the Apollo thermal protection material as follows, the first of
which being the main program effort:

Test and evaluation under simulated reentry conditions.
Analytical predictions of performance under test and reentry

conditions.
Chemical and physical properties tests on models exposed to

simulated reentry conditions.

The 5026-39HCG material was considered almost exclusively in the program; a

few tests were also performed on other similar materials.

The reentry simulation test program was divided into seven phases.

These phases are outlined below and the nominal range of test conditions

noted.

Phase I Shear

Study of the effect of shear on material performance

Enthalpy

Local pressure

Shear stress

Convective heat flux

Chemical environment

3000 to I0,000 Btu/ib

1 to 3 atm

3 to 20 psf

175 to 525 Btu/ft2sec

Air and Nitrogen

Phase II Combined Convective and Radiative Heating

Study of the effect of combined convective and radiative heating

and radiative - only heating on material performance

Enthalpy

Stagnation pressure

Convective heat flux

Radiative heat flux

Chemical environment

3000 to 6250 Btu/ib

0.10 atm

0 to 175 Btu/ft2sec

0 to 600 Btu/ft2sec

Air

Phase III High Stagnation Pressure

Study of the effect of high heat flux and high pressure on material

performance

Enthalpy

Stagnation pressure

Convective heat flux

Chemical environment

3500 to 5000 Btu/ib

1 to 3 atm

800 to 1800 Btu/ft2sec

Air and Nitrogen ....

Phase IV A Low Stagnation Pressure and Exposure Time

Study of material performance at low stagnation pressure and study

of the effect of exposure time on material performance

Enthalpy 3500 to 25,000 Btu/ib

Stagnation pressure 0.008 atm

Convective heat flux 30 to 250 Btu/ft2sec

Chemical environment Air
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Phase IV B Low Stagnation Pressure and Chemical Environment

Study of the effect of chemical environment on material
performance at low pressure

Enthalpy
Stagnation pressure
Convective heat flux

Chemical environment

5000 to 17,500 Btu/lb

0.028 atm

90 to 300 Btu/ft2sec

Air, Nitrogen, Helium,

various Oxygen concentrations

in Nitrogen

Phase V Model Size and Exposure Time

Study of material performance at low stagnation pressure, study

of the effect of model size on test results, and study of the

effect of exposure time on material performance

Enthalpy

Stagnation pressure

Convective heat flux

Chemical environment

5000 to 17,500 Btu/ib

0.008 to 0.028 atm

60 to 450 Btu/ft2sec

Air

Phase VIA Model Shape_ Constant Enthalpy and Constant Stagnation

Pressure

B Model Shape, Constant Stagnation Pressure and Constant

Stagnation Heating Rate

Study of material performance at low stagnation pressure, study

of the effect of model shape on test results

Enthalpy

Stagnation pressure

Convective heat flux

Chemical environment

3500 to 25,000 Btu/ib

0.028 atm

60 to 450 Btu/ft2sec

Air

Phase VII Enthalpy and Stagnation Pressure at Constant Heating Rate

Study of material performance at constant heating rate with

enthalpy and pressure variable

Enthalpy

Stagnation pressure

Convective he_t flux

Chemical environment

3500 to 25,000 Btu/Ib

0.028 to 0.4 atm

450 Btu/ft2sec

Air

A total of 158 models were tested over the above spectrum of conditions. The

program also included a complete calibration of these test conditions.

The analytical predictions of material performance were made using the

Aerotherm ablation computer programs and input information based on data

provided by NASA-MSC. Predictions were made at conditions corresponding to

several of the model tests and for a parametric array of environmental

conditions.
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The chemical and physical properties tests were performed on several
models tested under simulated reentry conditions. These properties tests
included microchemical quantitative analysis and X-ray diffraction studies
of the surface materials and in-depth char, density distribution measurements
as determined by X-ray transmission, infrared spectra measurementsof the
in-depth char and surface materials, and surface and in-depth photomicro-
graphs.

The analysis and interpretation of the results obtained under the program
are presented in the following sections.





SECTION 9

ANALYSIS OF MATERIAL RESPONSE

The analysis of the 5026-39HCG material response, based on all experi-

mental and analytical results obtained under the program, are presented in

this section. The results of the reentry simulation tests, presented in

Section 6.2, are discussed in Section 9.1, this discussion covering all phases

of the test program. The results are analyzed both qualitatively and quanti-

tatively and two basic correlations of the results are presented. The ana-

lytical predictions, _es_nted in Section 7.4, are discussed in Section 9.2.

Comparisons are made with the measured material performance, and the material

response mechanisms are analyzed in the light of these comparisons. The

results of the chemical and physical properties tests, presented in Section

6.3, are discussed in Section 9.3. The material response mechanisms and the

theoretical model used in the analytical predictions are analyzed in terms of

these results.

9.1 REENTRY SIMULATION TEST RESULTS

The results of all reentry simulation model tests performed under the

contract are discussed in the following sections. This discussion is directed

primarily towards the surface recession rate and surface temperature results;

the internal response is discussed briefly below but the major discussion is

deferred to Section 9.2.1 which presents the comparisons between test results

and analytical predictions. The discussion of model test results presented

below is divided into two sections. Section 9.1.1 is concerned with the

complete program results taken in total and presents correlations of these

results. Section 9.1.2 discusses the effects of the various test variables on

material response according to the various phases of the test program.

9.1.1 Correlation of Results

In order to provide an overall look at the test results and to provide a

basis for discussing the effects of the various test variables on material

performance, the results from all phases of the program are discussed below as

a group. Empirical correlations of the complete set of results are presented

and the validity of these correlations discussed. The material response

results are presented in terms of average surface recession rate and surface

temperature where average surface recession rate is defined as total center-

line measured surface recession divided by exposure time (s/%) and average

surface temperature is the average measured temperature once the surface has

reached a relatively stable temperature level. The internal response is also

discussed briefly at the end of this section.
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A summaryof the model response and test conditions for all tests in each
program phase is presented in Table 9-1. All subsequent plots of the experi-
mental results presented in this and following sections are based on these
results. The hot-wall convective heat transfer coefficients presented in the
table correspond to the assumption that the ratio (PeUeCH)hw/(PeUeCH)cwis
0.925 as discussed in Section 7.3.2.7. These coefficients were therefore
calculated from

(qc _ cal (qc)

(PeUeCH)hw - 0.925 _ 0.925 m

_m (h - hw) h - h w

(9-1)

where R m is the model effective nose radius and h w is the enthalpy at the

calorimeter wall temperature, assumed to be 300°F in all cases.

The test results obtained under the program and presented in subsequent

figures cover a broad spectrum of conditions. Because many of these figures

include almost all these results, it was necessary to define a special set of

symbols to identify the pertinent model and test variables. This symbol key

is presented in Table 9-3 and is on a fold-out page for convenience in

reviewing the following figures. The circle symbol is used for illustrative

purposes in demonstrating the keys for variables other than enthalpy. This

special key is used throughout the report to provide continuity in the plots.

Plots of all results obtained under the program for stagnation point,

convective-only heating in air are presented in Figures 9-1 through 9-8.

Before discussing these figures, a comment on the effect of exposure time on

average surface recession rate and temperature is in order since the results

presented cover a broad spectrum of exposure times. From all results except

those at low surface recession rate, _ < 1 mil/sec, and low surface temper-

ature, T w < 3000°R, the material response is essentially independent of

exposure time. Exposure time is therefore not a significant variable in these

plots except for the few points at the above conditions. The effects of

exposure time are discussed in detail in Section 9.2.4. It should also be

noted that the results at moderate and low recession rate cover the entire

enthalpy spectrum from 3000 Btu/ib to 25,000 Btu/ib whereas the results at

high recession rate correspond to enthalpies of 5000 Btu/ib or less. Also the

high recession rate results were obtained at moderate and high stagnation

pressure and the moderate and low recession rate results at low stagnation

pressure. Note that wherever the surface recession was highly irregular (high

pressure) the maximum and minimum recession was measured (Table 9-1); for these

cases both results are plotted in the figures and the points connected by a

line.
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TABLE 9- 2

SURFACE DESCRIPTION KEY

Code Surface Description

NM No Melt

M Melt c]_h1_3es

S Scab

G Gray

DG Dark Gray

LG Light Gray

BD Black, Apparent Carbon Deposition

Note: Parentheses indicate small quantities, e.g., (M).
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Figure 9-1 presents the plot of average surface recession rate as a

function of the inverse of the average surface temperature. This plot is the

classic kinetically controlled surface removal plot, any straight line on the

plot corresponding to

- Be-a/Tw (9-2)

where B and a are constants. The experimental results fall into two

distinct groups as shown by the lines drawn through the data. The transition

point between these two variations is an _ of about 5 mils/sec and a T w

of about 4650°R. The results exhibit considerable scatter about the two

correlation lines and there is no apparent test variable that correlates with

this scatter. Note that at high recession rate, the high surface temperature

results were favored in defining the line. At stagnation pressures of 1 atm

and greater it was difficult to obtain a definitive surface temperature

measurement because of the high recession rate; the measured values in some

cases are felt to be lower than actual. The apparent kinetically controlled

correlation of the results as shown in Figure 9-1 should not be interpreted

as an indication that the surface chemical reactions are, in fact, kinetically

controlled. It is however an indication of the strong effect of surface temper-

ature on surface recession for the 5026-39HCG material. In any case, the two

lines of Figure 9-1 represent a reasonable correlation of the results, at

least for the conditions of this test program. The character of the material

response and the parameters governing it are discussed further in this and

subsequent sections.

The average surface recession rate is plotted as a function of the cold

wall heat flux to the model in Figure 9-2. The results follow the expected

trend of increasing recession rate with increasing heat flux. The scatter of

the results is significant; however, some sense can be made of it through a

simple empirical correlation. The basic correlation assumes that the recession

rate is directly proportional to heat transfer coefficient (and mass transfer

coefficient)

0.925(qc) cw

§ _ PeUeCH " h - h (9-3)
w

where, for a cold wall,

sponds to

h w is negligible. Note that Equation (9-3) corre-

B' _ --_---- _ constant.

PeUeC H
(9-4)
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Equation (9-3) defined the slope of the constant enthalpy lines on the plot
of Figure 9-2. Their position was determined by fitting the i0,000 Btu/ib
points with a line of this slope. This fit then uniquely defined the position
of all other constant enthalpy lines within the assumption of Equation (9-3).
As seen from Figure 9-2, this simple assumption does a surprisingly good job
of correlating manyof the results. It was also apparent, however, _hat an
upper limit on recession rate was required independent of the _ _ PeUeCH

c_rr_lat_on This "cutoff" line is also included on tha plot. The complete

correlation is a reasonable representation of the experimental results except

at high heat flux and high stagnation pressure. At these conditions, mechan-

ical removal occurred at the surface and therefore the results would be

expected to be higher than the correlation, as observed. These high pressure

results will be discussed in detail in Section 9.1.2.2. The correlation has,

of course, been demonstrated only for the range of conditions obtained under

this program. Study of the results indicates that the cutoff line is probably

a weak function of pressure. This line would probably have a lower slope,

closer to that of the _ _ PeUeCH correlation lines, if it were plotted at

constant pressure. The cutoff line is therefore felt to be a family of lines

that are a weak function of pressure such that the cutoff line occurs at

higher _ with increasing pressure.

The two basic correlations shown in Figures 9-1 and 9-2 are presented in

various forms throughout the following discussion. The correlation of Figure

9-1 provides a relation between the surface response parameters: surface

recession rate as a function of surface temperature. The correlation of

Figure 9-2 then relates the surface response parameters to the environmental

conditions: surface recession rate as a function of heat flux or heat transfer

coefficient or, in combination with the correlation of Figure 9-1, surface

temperature as a function of heat flux or heat transfer coefficient.

The average surface recession rate is plotted as a function of model heat

transfer coefficient in Figure 9-3. The correlation of Figure 9-2 is also

included where the s _ PeUeC H correlation is the single upper line and the

cutoff correlation is the family of lines at constant enthalpy. Plott_d in

this form, the correlation again demonstrates a reasonable representation of

th@ experimental results except at high heat flux and pressure. The obser-

vations and conclusions presented above for Figure 9-2 also apply here.

The average surface recession rate is plotted as a function of the hot

wall convective heat flux to the model in Figure 9-4. This heat flux is

defined by

(qc)hw = (PeUeCH) hw (h -hw) (9-5)
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where hw is the enthalpy of air (in equilibrium) at the measuredaverage
surface temperature and stagnation pressure. This heat flux is therefore the
flux to a non-ablating wall and does not consider the effects of differing
chemical composition and of blowing at the wall due to ablation. Again an
empirical correlation is presented and is defined by the same procedures and

rationale as discussed in conjunction with Figure 9-2. The correlation of

Figure 9-1, relating surface recession rate and surface temperature, was also

used to define h w (Equation (9-5)) in the correlation. The cutoff line is

also included and corresponds closely to the similar line of Figure 9-2. The

complete correlation of Figure 9-4 is a reasonable representation of the

experimental results but, overall, does no better than the simpler correlation

of Figure 9-2 in tieing the results together. The observations discussed with

reference to Figure 9-2 also apply to Figure 9-4.

A plot of average surface temperature as a function of cold wall convec-

tive heat flux to the model is presented in Figure 9-5. The results demon-

strate a considerable scatter but the expected trend of increasing surface

temperature with heat flux is certainly apparent. Two different correlations

are included in the plot. One, the dashed line, consists of two straight

line segments with their point of intersection being arbitrarily chosen as

4650°R, the similar intersection point found in Figure 9-1. The solid-lines

correlation is the combination of the correlations of Figures 9-1 and 9-2, the

latter defining the _ for a given heat flux and enthalpy and the former

relating this _ to surface temperature. Both correlations represent a

reasonable fit of the experimental results although some scatter is certainly

apparent, particularly at low and moderate enthalpies.

The average surface temperature is plotted as a function of heat transfer

coefficient in Figure 9-6. Plotted in this form, the surface temperature

results exhibit more scatter than when plotted against cold wall heat flux,

Figure 9-5. Again a correlation of the results is included and relates to the

more detailed correlation of Figure 9-5. The correlation represents the low

and moderate enthalpy results quite accurately but is not as effective at high

enthalpy. Based on the results of Figures 9-5 and 9-6, it appears that the

surface temperature at high enthalpy is reasonably well correlated by "the cold

wall heat flux (Figure 9-5) whereas the surface temperature at moderate and

low enthalpies is reasonably well correlated by the heat transfer coefficient

(Figure 9-6). It should be remembered that these correlations depend on the

correlations of Figures 9-1 and 9-2 and therefore the above conclusions must

be viewed in the light of these earlier correlations.

The average surface temperature as a function of non-ablating, hot wall

convective heat flux is plotted in Figure 9-7. The correlation included is the

surface temperature counterpart of the recession rate correlation presented
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in Figure 9-4. The results exhibit the samescatter observed in Figure 9-5
and the correlation also exhibits the samedeficiencies noted with reference
to that figure.

Finally, Figure 9-8 presents a plot of the surface temperature as a

function of the dimensionless recession rate parameter B' = Spp/PeUeCHwhere
pp is the density of the virgin material, taken as 32.8 ib/ft 3. A correla-
tion which is the combinedcorrelations of Figures 9-1 and 9-3 is also pre-
sented in the figure. Based on this correlation, the recession rate param-
eter B' at high enthalpy is _ _stant at _ value 0.655, this vertical
line corresponding to the s = PeUeCH correlation presented previously. The

correlation exhibits the general trend of the results although the scatter is

considerable. The high heat flux, high pressure results again appear out of

line with the rest of the results as discussed previously.

The above figures have provided an overall look at the complete set of

experimental results for surface recession and surface temperature and have

also demonstrated two basic empirical correlations of these results, the first

relating the surface response in terms of surface recession rate and surface

temperature,

= e - a/Tw

and the second relating this surface response to the environmental parameters

= PeUeCH

where there is a cutoff limit to this latter correlation. These correlations

though empirical, have a rational basis and provide in most cases a reasonable

characterization of the results. The test results are discussed further below

in terms of the other response parameters.

The measured char depths and pyrolysis zone depths are also presented in

Table 9-1, these depths being referenced to the original surface. For almost

all test conditions of this program, the in-depth response did not achieve

steady state conditions; the surface, char, and pyrolysis zone recession rates

were equal only for the high pressure, high heat flux tests. Contrary to the

bulk of the surface recession results, the char and pyrolysis zone depth re-

sults are therefore a strong function of exposure time. These results must

therefore be considered quantitatively through comparisons with transient

calculations of the in-depth response considering the actual exposure times

and surface boundary conditions. Such comparisons are presented in Section

9.2 and further discussion is deferred to that section. A few qualitative

observations, available from Table 9-1, are of interest however and are pre-

sented below. The total char depth for a given exposure time is primarily a

function of heat flux; it is relatively independent of enthalpy and of surface

recession. These same conclusions also apply to the total pyrolysis zone depth.
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The thicknesses of the char and pyrolysis zones (char depth minus surface

recession and pyrolysis zone depth minus char depth, respectively) decrease

with increasing heat flux, these thicknesses being almost negligible at high

pressure and heat flux. Further discussion on the char and pyrolysis zone

is presented in Section 9-2.

In addition to all measurements made on the models tested, the post-test

surface condition was also noted as a further description of the model re-

sponse. The observations are summarized in Table 9-1 and repeated for the

air results only in Table 9-4 in order of increasing surface temperature.

These surface conditions are discussed briefly below. At low surface tem-

perature in the range 2,600°R to 2,900°R, which also corresponded to low

heat flux, enthalpy, and stagnation pressure, the surface consisted of a

fibrous "scab" which adhered rather loosely to the char surface underneath,

this underneath surface having a light gray, fibrous appearance. This sur-

face condition has been illustrated previously in Figure 6-32 and is dis-

cussed further in Section 9.1.2.1 and 9.3. At surface temperatures in the

approximate range, 3,200°R to 3,800°R, a flowing melt occurred on the surface

and consisted of globules covering a broad spectrum of size. Based on the

broad range of conditions corresponding to the results in this temperature

range, surface temperature certainly appears to be the important variable in

defining the surface condition. There apparently is a very small effect of

enthalpy and/or heat flux on the occurrence of a surface melt, however; for

a given surface temperature, the higher the enthalpy and/or heat flux the

less likely a melt will occur. At temperatures above 3,800°R no melt is ob-

served and in many cases a black surface deposit occurs over a part or all of

the model surface. This deposit has the appearance of carbon black and may

be the result of coking of the pyrolysis cases at the surface during the test

or at the start of the cooldown period after test.

The above discussions have provided an overall look at the test results.

A more detailed view of these results, particularly in terms of the effect of

the test variables on material performance, is presented in the following

section.

9.1.2 Effects of Test Variables

The effects of the various test variables on the material response are

discussed in this section. The test results are presented for the most part

by test phase and the correlations presented in the previous section are used

as the baseline for analysis of the test variables effects wherever appro-

priate. Section 9.1.2.1 discusses the low pressure results and Section

9.1.2.2 the high pressure results. The effect of free stream chemistry is

discussed in Section 9.1.2.3, exposure time in Section 9.1.2.4, and model
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TABLE 9-4

EFFECT OF SURFACE TEMPERATURE AND TEST

CONDITIONS ON MODEL SURFACE CONDITION

(Air Environment Only)

Average

Surface

Temperature

T
w

(°R)

2650

2675

2700

2800

I
2825

2850

2875

2900

3200

I
3250

I
3350

3475

3500

I
3525

3575

3600

I
3625

3650

3700

3750

3775

I
3800

I
3825

I
3850

3900

4000

I

4050

4100

4150

4175

I
4200

4275

4300

I
4400

Post Test

Surface

Description

I
G,S

LG _S

I

S

I
LG, (S) ,M

G_M

DG ,M

G,M

I
DG _M

G_M

(I)

Enthalpy

h

(Btu/ib)

3442

Stagnation

Pressure

Ps

(atm)

0.0082

Convective

Heating

Rate

qc

(Btu/ft_sec)

33

DG

G,M

I
DG ,M

G,NM

G,M

G_NM

G,BD,NM

I
DG ,hiM

DG,NM, (BD)

DG ,NM

G,NM

G

G,N_4

DG,NM

BD ,NM

3539

I
4944

5044

4910

5044

4910

4944

4612

14480

10969

13500

14480

10969

10193

16301

16880

3692

6322

5447

5582

5937

3290

I 34

.0090 i

.0110 32

.0112 33

.0110 46

.0112 47

.0090 48

.0279 56

.0081 97

.0079 116

.0081 91

l 97

.0079 116

! 123

.0080 154

.0082 162

.0289 115

.0261 130

.0270 121

I 63

.0275 116

.112 148

BD, (G) ,NM

I
G, (BD) ,NM

BD, (G) ,NM

I
BD,NM

7236

5549

5640

3090

19040

5020

10434

15186

15891

25600

25800

29400

11119

7145

11578

6290

17300

9554

10269

14200

19201

10692

10463

14287

0.0265

0.0269

0.0275

0.112

0.0279

0.071

0.0275

0.0283

0.0279

0.0085

I
0.0283

0.0272

0.0283

0.099

0.0283

I
0.0282

0.0271

0.0293

0.0286

0.0281

0.0287

86

87

159

163

238

102

134

191

198

249

251

286

117

172

201

214

3O5

159

181

170

259

3_7

241

225

Model

No.

93

95

94

116

115

114

88

87

89

117

126

90

128

127

91

92

99

106

34

74

25

19

3O

51

22

26

33

46

124

37

122

123

125

109

162

166

121

36

75

49

165

29

27

16

18

32

35

21
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TABLE9-4. (concluded)

Average
Surface

Temperature
Tw

(OR)

4400
4450
4475
4500
I

4525

4575

I
4600

I

4650

4750

4750

4760

4775

4800

l
4850

4920

4960

I
5030

5070

Post Test

Surface

Description (1)

BD,NM

G, (BD) ,NM

G, (BD) ,NM

BD,NM

G,BD,NM

G , (BD) ,NM

G,BD,NM

I
DG,NM

I
BD ,NM

G,NM

I
DG,NM

G,NM

DG,NM

G,NM

I
DG _NM

G,NM

I

Enthalpy

h

(Btu/ib)

14844

16517

17204

15800

I
17400

18860

I
5031

3310

10443

10588

10167

5015

3515

3456

3515

5151

3115

5047

3115

5015

3251

Stagnation

Pressure

Ps

(atm)

0.0287

0.0271

0.0279

0.0285

I
0.0287

0.0285

i
1.06

1.01

0.0842

0.0817

0.0827

3.16

0.373

1.02

0.373

3.10

1.94

1.05

1.44

3.16

1.93

Convective

Heating

Rate

qc

(B tu/ft 2 sec)

245

288

416

332

I
311

337

I
1170

836

5O5

577

57O

1820

510

8O5

510

1770

].120

1200

] 120

1820

1150

Model

No.

2O

102

159

i00

164

101

97

96

154

134

31

iii

ii0

136

138

156

129

140

145

113

144

137

153

(1) See Surface Description Key, Table 9-2.
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size and shape in Section 9.1.2.5. The combinedconvective and radiative
heating results are discussed in Section 9.1.2.6 and finally the shear
results are discussed in Section 9.1.2.7.

9.1.2.1 Low Pressure

The low pressure test results obtained under the program encompass
Phases IV - VI and part of PhaseVII. These results and corresponding test
conditions were tabulated previously in Tables 9-1d-i and covered the range
of stagnation pres_u±es from 0.0_8 to 0.028 atm and enthalpies from 3,5u0
to 25,000 Btu/ib. Results for several different free stream chemical environ-

ments were obtained. However, only the results for air are discussed in this

section; the results for the non-air environments are discussed in Section

9.1.2.3. The model body diameters were 2 and 4 inches, both with 1-inch in-

strumented cores, both the shroud and core were 5026-39HCG material, the model

shapes were blunt hemisphere, flat face, and full hemisphere (see Figure 4-2),

and the nozzle exit diameters were 3.5, 4.5, 6.0, and 8.0 inches, the 4-inch

models being tested with the last two nozzle sizes only. There were no appar-

ent problems in defining the test conditions, in the conduct of tests, and in

the measurements of model response which would affect the interpretation of

the test results. The test results are presented and discussed in the follow-

ing paragraphs. The correlations presented in the previous section are in-

cluded in the subsequent figures as a basis for comparison. The discussions

of the previous section are not repeated except where they are particularly

pertinent to the further presentation of the low pressure test results.

Figure 9-9 presents the "kinetically controlled" correlation of the low

pressure test results presented previously in Figure 9-1 for the complete

spectrum of results. The plot is presented in a linear scale to allow a

closer look at these results. The results exhibit some scatter and there are

no test variables that definitively correlate with this scatter. It is,

however, possible to interpret a small effect of enthalpy and pressure on the

results: at a given recession rate the surface temperature may decrease with

decreasing enthalpy and pressure.

The surface recession rate and surface temperature response are presented

in Figure 9-10 as a function of cold wall heat flux. At constant heat flux,

the recession rate and temperature increase with decreasing enthalpy (to a

point as indicated by the < i0,000 Btu/ib cutoff correlation) and, at con-

stant enthalpy, they increase with increasing heat flux. In both cases, the

results exhibit some scatter although in general the correlation appears quite

effective. For surface recession rate, the scatter is most significant for

the results in the 17,500 Btu/ib range but they at least fall around the cor-

relation line. There is no apparent test variable that pulls these results
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together and therefore the observed scatter apparently is simply experimental

or due to nonuniformities in the material. All other recession results follow

a generally consistent pattern and agree quite favorably with the correlation.

There is no apparent effect of pressure on the results. For surface tempera-

ture, the results exhibit some scatter but again the correlation is a reason-

able fit of the results.

Figure 9-11 presents the variation of surface recession rate and tempera-

ture with heat transfer coefficient. At constant heat transfer coefficient,

the recession rate and surface temperature increase with increasing enthalpy -

again to a point as indicated by the > i0,000 Btu/ib, s = PeUeCH line. The

results exhibit some scatter, it again being greatest for the 17,500 Btu/ib

points, but the correlations fit the results reasonably well.

The variation of surface recession rate and surface temperature with

enthalpy is presented in Figure 9-12. The results in this form exhibit a

classic "shotgun" pattern. The two basic correlations presented in the pre-

vious figures and included in Figure 9-12 in appropriate form provide the

proper interpretation of the results, however. The actual experimental heat

fluxes, available from Table 9-1 and Figure 9-10 agree reasonably well with

the correlation lines presented.

As noted previously, the results at low heat flux exhibited a significant

variation in average surface recession rate with exposure time. This effect

is illustrated in Figure 9-13 which presents the only three test conditions

for which the effect of exposure time was significant. The recession rate

decreased with increasing exposure time, this being contrary to what might

be expected on consideration of the transient response of the material. At

all three conditions, and only at these three conditions, a silica, filament-

like scab formed on the surface as shown previously in Figure 6-32. The

scab covered the entire surface of each honeycomb cell and, after test, was

found to be essentially separate from and only loosely attached to the under-

neath char surface. The scab was rather fragile and therefore definitive

thickness measurements could not be made; however, the scab apparently pro-

vided protection to the underneath char surface, this protection increasing

as the scab thickness increased with time. This phenomenon is discussed

further in Sections 9.2 and 9.3. In all three cases, the surface temperature

was not a function of exposure time (see Table 9-1); the approximate values

were 2,700°R for the 3,500 Btu/ib condition and 2,850°R for the two 5,000

Btu/ib conditions. Note that they were the lowest surface temperatures

achieved in the test program. The next highest measured surface temperature

was 3,200°R for which a flowing silica melt occurred. It should also be noted

that study of the motion pictures taken for the tests in which the scab formed

revealed no melt removal and no unusual performance. The scab material is



I--

N
til

I--
li

,j
,4r

,_t

3
q,

,J.I

_b

J

!
l

* f
I

i
I

A-37

i

- - -÷-- --- i
I
i

L

J

, i
.o r• oI._>

I

J
q

i

i i

e..o,_ve,--_v_ ,.,_-_-'r "rrL_,,J-_r-._.. c...o_,r.-;..,c _'-r r_,., deC.+ ) _,,,

i i

-_/"'r-'r _-_E d_

,j
I.U

4"

¢,
.J

'2

uJ
,,j

,J

?

N
_Js

o

I

%

I

\
i

...... i

i



9- _2

' i

I
' 0

..I

j

o o _ o

q.

r

t /

__ .....v____o__ :. /__!.

I

C

i d i t

"_.IG-_'_ _ '._Z'_ r",_.¢_.._';.-3"_ ._',_.._'_i-,r..._ -_'_"_-_t'"_

c_ _,___

i

_3

.J

l'-

J
,4
I-

,,J

o
d.

.J

d,

7

Iv

_a

0
_j_

1.1.



|

q_

,J

l-
tl_

_.._3

/

/

./

i

/
/

0
Li"

¢,

,j

,li

_b
t_

0

I.U

-7

_P

tI.J
,,j
LLI

I11

il

(__

LI.

!

O"

IlJ



9-34

described further in Section 9.3, Chemical and Physical Properties Tests

Results.

9.1.2.2 High Pressure

The high pressure testing was performed as Phase III of the test pro-

gram and the model response and test conditions were presented previously

in Table 9-ic. The test conditions covered the range of stagnation pressures

from 1 to 3 atmospheres and enthalpies from 3,500 to 5,000 Btu/Ib. Results

were obtained for both air and nitrogen as the free stream chemical environ-

ment: only the air results are discussed in this section, the nitrogen re-

sults being discussed in Section 9.1.2.3. The model body diameter was 1 inch,

with a 1/2 inch instrumented core, and the nose shape was the blunt hemisphere

configuration (see Figures 4-2 and 4-3). The shroud was the molded material,

5026-39M, to prevent pyrolysis off-gases blowing out the side walls. The

shroud therefore had a higher density than the 5026-39HCG honeycomb material

used in the core. The nozzle exit diameter was 0.8 inch for the 1 and 2 atm

stagnation pressure conditions and 0.6 inch for the 3 atm condition. The high

density shroud and the small nozzle exit diameters represent potential prob-

lems in obtaining definitive test results as discussed below.

For given material chemical composition and environmental conditions,

the mass loss rate of surface material is ideally a constant independent of

density and therefore the surface recession rate is inversely proportional to

density (s = mc/Pc ) . Because of this, the molded shroud material would be

expected to recede at a lower rate than the honeycomb core material. This

was in fact observed after test in almost all the high pressure models and

also observed in the motion pictures during the tests in that in some tests

the external flow had a component in the opposite direction of the main flow

as shown in the sketch. The original blunt hemisphere nose shape was of

course not retained through a test and the flow field was complex and ill-
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defined. The convective heat flux corresponding to the model tests is there-

fore ill-defined, probably being lower than that presented in Table 9-ic which

corresponds to the original model shape. In addition, the response of the

core material was probably directly influenced by the relatively lower inher-

ent recession of the shroud material. All things considered, the measured

recession performance is probably somewhat lower than would be expected at

the conditions indicated in Table 9-ic had the above problems not existed.

The small nozzle exit diameters (e.g., see the above _]_ctch_ _i_ pr_,L__

a potential problem in that the models were not fully immersed in the test

flow. The effective nose radius was smaller, and therefore the convective

heat flux higher, than would be expected for totally immersed flow (the heat-

ing rate results of Table 9-1 reflect this effect). Also the smaller flow

area probably contributed to the differential recession between the shroud

and instrumented plug. Small inaccuracies in exposure time were also mag-

nified because of the short exposure times required and, because of the rela-

tively large total recessions which occurred, the results may be affected by

axial nonuniformities in the flow field if they existed.

In summary, the accuracy of the high pressure test results may be com-

promised by a number of potential problems as discussed above. The measured

surface recession was generally erratic. This response may be due to the

above mentioned problems or it may be that this response is inherent in the

material thus making these potential problems appear important. In any case,

the measured material performance is probably somewhat optimistic in terms of

characterizing the material response at these conditions. The results are,

however, felt to be sufficiently definitive to allow at least semi-quanti-

tative conclusions to be made from them. The test results are presented and

discussed in detail in the following paragraphs.

The surface recession rate and surface temperature variations with con-

vective heat flux are presented in Figure 9-14. At 1 atm stagnation pressure,

the recession rate is high, in the 50 mils/sec rang% but, based on the cor-

relation, is also close to what would be expected for the two test enthalpies,

3,500 and 5,000 Btu/Ib. At 2 and 3 atm stagnation pressure, however, the re-

sults fall significantly above the correlation and are erratic both between

tests at the same conditlons and in terms of the maximum and minimum recession

for a single test. The measured recession is as much as a factor of 5 above

what would be expected according to the correlation, a factor of 2 to 2.5

being a good "average" for these results. It therefore appears that above 1

atm stagnation pressure mechanical removal of the surface material occurs; the

material becomes pressure sensitive. A basic change in char structure or chem-

istry at high temperature is another possible explanation. The mechanism of
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any mechanical removal is difficult to define, the possibilities including

thermal stress, internal pressure generation, surface shear, and surface

pressure gradients. The temperature gradient through the char is severe

therefore resulting in high thermal stress and the possibility of mechanical

failure of the char. The high pyrolysis off-gas rate could cause high in-

ternal pressures and result in char blowoff (e.g., see Reference 9-1). At

off-stagnation-point locations, the shear could be sufficiently high to cause

mechanical removal. (Shear effects are discussed further in Section 9.1.2.7.)

Note that because of the erractic recession the stagnation point location

varied through a test. Finally, surface and the resultant internal

pressure gradients could be sufficiently high to cause structural failure of

the char.

The surface temperature results also presented in Figure 9-14 fall on

or below the correlation lines, these temperatures being in the 5,000°R range.

As noted previously, it was difficult to obtain definitive measurements of

surface temperature because of the high recession rates. Therefore, for a

given test condition, the higher surface temperature result is felt to be

closest to the expected temperature.

The variations of surface recession rate and temperature with heat trans-

fer coefficient are presented in Figure 9-15. The same observations and con-

clusions discussed with reference to Figure 9-14 are also apparent here.

9.1.2.3 Free Stream Chemistry

The effects of free stream chemistry on material response were studied

as part of the low pressure tests (Phases IV and VI) and the high pressure

tests (Phase III). These results and corresponding test conditions were tab-

ulated previously in Tables 9-1d and e, g and h, and c, respectively. In the

low pressure test series, tests were performed for the range of enthalpy from

5,000 to 17,500 Btu/ib at a stagnation pressure of 0.028 atm and for the free

stream chemical environments of helium, nitrogen, 0.07 02/0.93 N2, 0.15 02/

0.85 N2, air and 0.30 02/0.70 N 2. The 2-inch blunt hemisphere model config-

uration was used in all these tests. Note that for the 17,500 Btu/ib condi-

tions in the low pressure tests, no theoretical calculations of heat transfer

coefficient were made for the non-air conditions. It was therefore not

possible to relate heat flux directly to enthalpy (_f) for these non-air

conditions, heat flux enthalpy being the standard for these conditions. It

was therefore assumed that

heb

hhf = (hhf) air (heb)air
(9-6)
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which says that the heat flux enthalpy is proportional to the energy balance

enthalpy independent of the chemical environment. No theoretical basis is

offered for this assumption; however it is felt to be reasonable. In the high

pressure test series, tests were performed at enthalpies of 3500 to 5000 Btu/Ib

stagnation pressures of I, 2, and 3 atm, and free stream chemical environ-

ments of nitrogen and air. The 1-inch blunt hemisphere model configuration

was used in all these tests. In the low pressure test series, there were no

_pp_r_t problems which compromised the validiL_ _f the results; in the high

pressure test series, the comments of Section 9.1.2.2 apply. The test re-

sults are presented and discussed in the following paragraphs.

The effect of oxygen mass fraction on the response of the 5026-39HCG

material is presented in Figure 9-16 for the low pressure test results

(Ps = 0.028 atm). The results for helium are also included on the right.

At each enthalpy, the heat fluxes were approximately constant with variations

in chemistry except for the nitrogen tests for which the heat fluxes were

somewhat higher (see Table 9-1e). At all three enthalpy levels the average

surface recession rate decreases approximately linearly with decreasing oxy-

gen content. The recession rate is significant even for the pure nitrogen

environment, decreasing by a factor of about 2 over that at 30 percent oxygen

content. Above i0,000 Btu/ib there is no significant effect of enthalpy on

the recession rate; the 5,000 Btu/Ib results, however, fall below those for

the higher enthalpies. This result is consistent with the s = PeUeC H and

cut-off correlations presented, for example, in Figure 9-2 and indicates that

the correlations are approximately valid independent of oxygen mass fraction

at least for the conditions of Phase IVB.

The helium environment also exhibits a finite recession but the rate is

about a factor of 5 lower than that for nitrogen. Note also that a similar

comparison between argon and nitrogen was also observed in Reference 9-2.

Since helium represents a chemically inert environment, the recession measured

in the helium environment might well be attributed to shrinkage of the mate-

rial. I Such shrinkage could well occur after test as the model cools down or

it could be aphenomenon associated with heating of the material during test.

In any case the effective recession rate is small, 0.64 mils/sec or less in

i

Actually, decomposition of the 5026-39HC material is predicted to occur in

the helium environment above temperatures of about 5,000OR. The surface

temperatures for the three helium tests did not exceed 4,600°R however.
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the tests performed herein, this being about i0 to 15 percent of the reces-

sion rate observed in air at comparable conditions. These helium results

and the implications of shrinkage on the comparisons of experimental measure-

ments and analytical predictions are discussed further in Sections 9.2 and 9.3.

The surface temperature results, also presented in Figure 9-16, exhibit

a general decrease in temperature with increasing oxygen content, which also

corresponds to increasing recession rate and surface chemical removal. The

surface temperature increases with increasing enthalpy which also corresponds

tc i-cr_sing he_ fl _-. The helium results exhibit a strcngcz _ffect of

enthalpy (and/or heat flux) than do the results for the nitrogen/oxygen gas

systems.

Figure 9-17 presents a comparison of the air and nitrogen results at all

conditions for which comparisons can be made. The nitrogen results generall Z

fall below the results for air although the difference in surface recession

rate between the two environments is not large. Note that this trend also

holds at 3 atm stagnation pressure where mechanical removal may be important.

At high stagnation pressures the surface temperatures were comparable

for the two chemical environments and are not presented here (see Table 9-1).

The low pressure results are included in Figure 9-16.

The effects of free stream chemistry on material performance are dis-

cussed further in Sections 9.2 and 9.3.

9.1.2.4 Exposure Time

The effect of exposure time on material performance was studied as part

of all test phases except Phase II. In the high pressure tests (Phase III)

the results were sufficiently erratic to preclude any comments regarding the

effects of exposure time. B_sed on the other results however, no effect

would be expected. The shear results (Phase I) are discussed separately in

Section 9.1.2.7 and are not included here. Representative results from the

other test phases are included in Figure 9-18 which presents surface reces-

sion, surface recession rate, and surface temperature as a function of expo-

sure time. All results exhibit an approximately constant surface recession

rate except at the conditions for which the surface scab was observed, the

lowest set of test points in all plots. (This effect was discussed previousl,y

in Section 9.1.2.1 and is not repeated here.) As seen in Figure 9-18c, the

surface temperature is independent of exposure time for all test conditions.

The effect of exposure time on the surface response of the material is there-

fore negligible except for surface recession at low heat flux and enthalpy

where the surface scab occurred. The effect of exposure time on the surface

and in-depth response is discussed further in the light of the analytical

predictions in Section 9.2.
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9.1.2.5 Model Size and Shape

The study of the effects of size and shape on the interpretation of test

results and model response encompassed Phases IV - VI. Phase VII may also be

included in this study although changes in size were also accompanied by

changes in model stagnation pressure, contrary to the other appropriate phases.

The summary of the test matrix for the size and shape investigation is pre-

sented in Table 9-5; the actual test results are included in Table 9-1 pre-

sented previously. Both the shroud and core of all models were the 5026-39HCG

honeycomb material except for the 1-inch models for which the shroud was the

5026-39M molded material (Figures 4-2 and 4-3). There were no apparent prob-

lems in defining the test conditions, in the conduct of tests and in the mea-

surement of model response which would affect the interpretation of the test

results. The test results are presented and discussed in the following para-

graphs.

The qualitative effect of model shape on the model surface recession

response is illustrated in Figure 9-19 which presents pre- and post-test

photographs of the three model shapes. The hemispherical shape (H) became

more blunt and the flat face shape (FF) became less blunt, in both cases

the final shape being close to that of the blunt hemisphere. The blunt hemi-

sphere models (BH) retained their basic shape the best of the three. On the

basis of these early test results (Figure 9-19), the blunt hemisphere was.

chosen as the standard shape for the rest of the tests. Note that for the

hemisphere shape, the effective nose radius increased through a test and

therefore the convective heat flux and heat transfer (and mass transfer) coef-

ficents decreased. For the flat-face shape, the opposite was true and there-

fore the heat flux and heat transfer coefficient increased through a test.

The effect of model shape on surface recession rate at constant enthalpy

(heat flux variable with shape) is presented in Figure 9,20. In all cases

the flat-face and hemisphere points fall within the scatter of the blunt

hemisphere results and therefore no significant effect of shape is apparent

in these results. The effect of model shape at constant heat flux (enthalpy

variable with shape) is presented in Figure 9-21. The same conclusion as for

the previous results (Figure 9-20) is also apparent for these results. The

effect of shape on the surface temperature response is presented in Figure

9-22. The results at constant enthalpy indicate that the surface temperature

is a function of enthalpy only and not of heat flux, at least when this heat

flux variation is accomplished by a change in model shape. This rather dis-

turbing observation, in terms of correlating results for different model

shapes, may be scatter in the data although the effect is quite consistent.

Contrary to the above observation, the results at constant heat flux exhibit

no definitive enthalpy effect with a change in shape within the groups of
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TABLE 9-5

TEST MATRIX FOR SIZE AND SHAPE TESTS

NOMINAL TEST CONDITIONS

Phase

vI A

VI B

VI A

& V

!V A

& V

VII

i
!
I

Shape/S ize

BH/2.0 (i)

Enthalpy

h

(Btu/ib)

5OOO

Stagnation
Pressure

Ps

(atm)

0.028

Heating
Rate

qc

(Btu/
ft2sec)

89

Nozzle

d
e

(inch)

4.5

FF/2.0

H/2.0

BH/2.0 (i)

FF/2.0

a/2.o

BH/2.0 (_)

rF/2. o

}{/2.0

BH/2

FF/2

H/2

BH/2

rF/2

H/2

BH/2

rr/2

H/2

.o (_

.0

.0

.o (_)

.0

.0

.o (_)

.0

.0

BH/2.0

BH/4.0

BIt/2.0

BH/4.0

BH/2.0

BH/4. o

BH/2.

all/4.

BH/2.

BH/4.

BH/2.0

B_VI.O

H/2.0

BH/1 0

i0000

17500

5OOO

7200

3700

i0000

14400

7400

17500

24400

12500

5OOO

I

i0000

I
17500

I

3500

5000

i0000

14100

25000

10000

0.028

0.008

0.028

0.088

63

122

179

125

244

313 6.0

218 I
426

89 4.5

I
179

313 b.O

I I
89 4.5

63 6.0

179 4.5

127 6.0

313 4.5

221 6.0

33 8.0

I
93

I

444 6.0

2.5

Effect

Studied

Shape at
cons t ltrl{

entln:_lF .

Shap_ ._:

hea[ :"i ,._

Size, ai

cons t,_n '

enthai_;/

S ] ;:e
COnSt _l r

he.it _ • ;,

1

S i _:u" ;i ,_ ;

S h <I_;0 ,:_t

heat. [:_,_::

I
i

3500

I
0.400

I
1.5

(z) Re,;ults at these conditions are also included in Phase IV B.



9-48

(a) Pre-Test Models 33/H/2.0, 30/BH/2.0,

19/FF/2.0

h _ 5000 Btu/ib

Ps " 0.028 atm

(b) Post-Test Models 33/H/2.0, 30/BH/2.0,

19/FF/2.0

(c) Pre-Test Models 35/H/2.0, 28/BH/2.0,

17/FF/2.0

h _ I0000 Bhu/ib

Ps " 0.028 atm

MSC 35i 'MSC 28 MSC i-

(d) Post-Test Models 35/H/2.0, 28/BH/2.0,

17/FF/2.0

Figure 9-19. Pre- and Post-Test Photographs of the

Model Shapes.
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approximately constant heat flux results. The effect of shape on surface

temperature is therefore inconclusive; the effect on surface recession is

apparently negligible.

The qualitative effect of model size on the model surface recession re-

sponse reduces primarily to a shape effect. The 4-inch models exhibited a

more uniform surface recession and retained their initial shape better than

the 2-inch models. This observation is apparent from the photographs of

Figures 6-25 and 27 through a comparison of models at comparable conditions

for Phases IVA and V. The largest model size should therefore be selected

within the limits of test conditions, acceptable model-diameter to nozzle-

exit-diameter ratios, and facility capabilities.

The effect of model size on surface recession rate at constant enthalpy

(heat flux variable with size) is presented in Figure 9-23. No major effect

of size on the recession response is apparent although the results for the

4-inch models are generally slightly lower, relative to the correlation lines,

than the 2-inch models. The effect of model size on surface recession rate

at constant heat flux (enthalpy variable with size) is presented in Figure

9-24. No effect of size is apparent, at least for the few data points

available. The effect of model size on surface temperature is presented in

Figure 9-25. The results exhibit reasonable agreement with the correlation and

among themselves, thus exhibiting no apparent effect of model size. No definite

effect of model-diameter to nozzle-exit-diameter ratio is apparent in the results

of Figures 9-23 - 9-25. The maximum D/d e value for these results was 0.667

for the 4-inch models at a stagnation pressure of 0.028 atm.

The Phase VII results are presented in Figure 9-26; these results cover

a broad spectrum of enthalpy and stagnation pressure and include 2-inch hemi-

sphere and 1-inch and 2-inch blunt hemisphere models. The results exhibit

no major effect of size or shape although the non-agreement with the correla-

tions, where they exist, can be rationalized on these terms. The 1-inch

models were fabricated with the 5026-39M molded material as the shroud. As

discussed in Section 9.1.2.2, this construction technique might well inhibit

the recession of the 5026-39HCG honeycomb core. The 3,500 and 10,000Btu/lb,

i-inuh model points exhibit a lower than expected recession rate which can

be rationalized on this basis. The i0,000 Btu/ib 2-inch hemisphere point

can also be rationalized in terms of a shape change through the test as dis-

cussed earlier in this section. The hemisphere shape becomes more blunt

with recession and therefore the average heat flux and heat transfer coeffi-

cients for the test are somewhat lower than that at the start of the test,

the values at which the point is plotted. The point should therefore move
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to the left toward the proper correlation lines in each of the two appropri-

ate plots of Figure 9-26. It should be noted that these size and shape ef-

fects observed from this figure are small and could be interpreted as experi-

mental scatter.

In summary, the effect of model size and shape for the conditions herein

is small or negligible.

9.1.2.6 Combined Convective and Radiative Heating

The effects of combined convective and radiative heating on material

response were studied as Phase II. These tests were performed in the NASA-

Ames Entry Heating Simulator as Gasdynamics Branch Test Series 56. Tests

were performed for the range of enthalpy from 3,000 to 6,500 Btu/ib at model

stagnation pressures of about 0.I0 atm (Table 9-1b). Radiation only tests in

a vacuum environment were also performed. Radiation heat flux levels up

to 600 Btu/ft2-sec where achieved. The 1 i/4-inch, flat face model configura-

tion (Figure 4-2) was used in these tests; the core was 1/4 inch in diameter

and the shroud was the 5026-39M molded material. The differential recession

problem discussed with reference to the 1-inch models (Section 9.1.2.2) there-

fore also applies to the 1 1/4-inch models. The radiation flux covered an

area 5/16 inch in diameter; this dictated the 1/4-inch core size and also

further compounded the differential recession problem. Because of this,

exposure times were relatively short and total surface recession small. The

test results are presented and discussed in the following paragraphs.

Figure 9-27 presents the average surface recession rate results for the

convective heating only cases and also includes those results obtained by

NASA-Ames in their in-house program conducted concurrently with the Aerotherm

program (Reference 9-3). a The results at all three conditions exhibit con-

siderable scatter, the Aerotherm models falling within the scatter range but

consistently on the high side. 3 This scatter is larger than that experienced

at similar conditions in the other test program phases. Also the results gen-

erally fall below the appropriate correlation lines. This is probably due to

the model configuration and short exposure times used. The core recession

I

The NASA-Ames program employed the same model configuration as in the Aero-

therm tests; the models were not instrumented with thermocouples, however.
The test conditions were also the same but with convective heating only.

The details of the test program and results are included in Reference 9-3.

The models tested as part of the Aerotherm program were measured by Aerotherm;

those tested under the NASA-Ames program were measured by NASA-Ames.



<_-_

W

3 -

tJ.i

l.lJ _,4.

w

I i I I I I I +

o

I_I I I I I I

\

I I I

I-
I.I.

"3

._J
U..

- W

_ _J
_.J
4

7

>D
(5

Ill _ 2_

tU "_
)_ v

t-
N_ 2

t-"

aas
2g

q',d

4

N _

i%

I

l.t,J



9-67

was probably affected by the lower recession of the molded shroud. Also, any

small errors in measurement of pre- and post-test core length could result

in large errors in measured recession and recession rate. This then is felt

to be the primary cause of the scatter and the lower than expected recession

rates.

The surface recession rate variation with the inverse of surface tempera-

ture is presented in Figure 9-28 for all points in the Aerotherm program

(Table 9-1b). The "kinetically-controlled" correlation lines of Figure 9-1

are also included for comparison purpuses. The lowest recession rate points

of each set are the convective heating only conditions (except, of course,

for the radiation only set) and the lines connecting the points follow the

path of increasing radiation flux. The results exhibit considerable scatter

but are reasonably represented by the correlation line, particularly when

viewed in the light of the surface recession being somewhat lower than ex-

pected. This observation includes the radiation heating only results as well

as the combined heating results. This is certainly a somewhat surprising

observation, indicating that the surface recession may well be closely cou-

pled to surface temperature regardless of the external conditions. This

tentative conclusion of course applies for the conditions of this program

only and care must be taken in accepting it as a sweeping generalization.

For the case of a vacuum environment, the recession rate may be calcu-

lated theoretically from classical kinetic theory considerations. The number

of molecules leaving a surface in a hard vacuum is given by (Reference 9-4)

Pv

N = _ (9-7)

where N is the number of mols of gas per unit area per unit time, Pv is

the vapor pressure of gases at the surface, and T is the surface temperature.

Expressed in terms of mass loss, a computationally convenient form of Equa-

tion (9-7) becomes

(PV)w = 122 _-- (9-8)

where (PV)w is in ib/ft_-sec units, Pv in atm, and T in OR. Calcula-

tions were made using the ACE computer program to define the vapor pressure

as a function of temperature for the char decomposition products of the 5026-

39HCG char in the absence of pyrolysis gases. The results of this calculation

are presented in Figure 9-29. Equation (9-8) was then evaluated and expressed

in terms of surface recession rate (char density = 16.0 Ib/fta), these results
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also being included in Figure 9-29 and in Figure 9-28. At a surface tempera-
ture of 5,100°R, the surface recession rate is rather significant, about 1
mil/sec, and decreases rapidly as the temperature decreases. This mechanism,
though not insignificant at high temperatures, does not provide an explana-
tion of the surface recession in the radiation-only environment. Note that
the pryolysis gases were not considered in this analysis; if they had been
the theoretical recession rate would probably have been lower, at least in
the temperature range of these calculations.

The effect of radiative heating level on surface recession rate is pre-
sented in Figure 9-30. The total heat flux is the hot wall convective heat
flux plus the radiative heat flux, this being the total flux to a non-ablating
model at the measuredsurface temperature. In each case but the radiation
only conditions, the lowest flux plotted is the convective heating only condi-
tion. It should be noted that for all but two conditions only one test was
performed for the combinedheat flux test conditions. The results should
exhibit a scatter similar to that of Figure 9-27 and therefore the individual
recession results cannot be interpreted as strictly quantitative. The trends
however are felt to be real and valid in terms of interpreting the effect of
radiative heating on the material performance.

From Figure 9-30, the recession rate increases with increasing total
heat flux although, as expected, this increase is not as great as would occur
if the additive flux were convective instead of radiative. In the convective
case the additional flux would, of course, be accompaniedby an increase in
the heat and mass transfer coefficients whereas in the radiative case these

coefficients are approximately constant as the radiative flux is increased.

The radiative-heating-only results generally fall slightly below the combined-

heating results. In the combined-heating results, no consistent effect of

enthalpy is apparent; total heat flux seems to be the more important param-

eter in defining recession rate, at least for the limited range of conditions

for which results are available.

The effect of total heat flux on surface temperature is presented in

Figure 9-31. The trend is as expected and the results fall with respect to

the correlation about as well as the convective heating only results presented

previously (Figure 9-7).

In summary, the combined convective and radiative heating results ex-

hibit trends that are quantitatively similar to the convective-only-heating

results, at least for the range of conditions studied herein. The results

correlate reasonably well with the two basic correlations defined in Section

9.1.1, where the total heat flux (qc + qr ) is used in the correlation which

relates surface response to environmental conditions.
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9.1.2.7 Shear

The study of the effects of shear on material response was performed as

Phase I (Table 9-1a). The test conditions covered shear levels from 3 to

20 psf, enthalpies from 3,500 to i0,000 Btu/ib, total pressures from 1 to 5

atm, cold wall heat fluxes to'500 Btu/ft_-sec, and chemical environments of

nitrogen and air. Tests were performed primarily on the 5026-39HCG material;

however, some tests were performed on the P2019 and 5026-22 materials. In

all cases the model shroud and instrumented core were made of the same mate-

rial. The two duct configurations shown p_cvio_ly in Vi_uz_ 4_5 and 4-6

were used, the tests being designated Series A and Series B, respectively,

according to the duct configuration. 4 The test conditions and configurations

are summarized in Table 9-6. Note that in all but the subsonic cases the

flow conditions on the model are difficult to define, particularly in the

presence of surface recession, due to the particular duct configuration

(Series A) and due to the unfortunate combination of chamber pressure, throat

pressure, and exit pressure (Series B). This certainly casts at least some

doubt on the validity of the results for these cases. Note also that the

specified conditions (Tables 9-1a and 9-6) are initial conditions; the se-

verity of conditions decreases as surface recession occurs except for the

possible deleterious effects of shocks that might have occurred. The test

results are presented and discussed in the following paragraphs.

The models tested in the air environment exhibited a generally uniform

surface recession although some "scallops" occurred on the models both axially

and locally at random, s The axial scallops may well have been due to the

flow field problem mentioned previously. The locally random scallops occurred

at the 7 psf shear level. The results for the nitrogen environment at the 7

psf shear level were very erratic and the material seemed to be removed in

the form of discrete chunks of char. This could have been caused by the flow

field problem or it could have been a mechanical removal phenomena related to

the thick char that formed before this apparent "chunking" occurred. The

possible mechanical removal mechanisms were discussed in Section 9.1.2.2 and

this discussion is not repeated here. At the 3 psf shear levels in nitrogen,

the surface recession was uniform and low.

4The results of Series A were prese,ted previously in Aerotherm Technical

Memorandum 6007-TM-I (Reference 9-4).

S The qualitative comments apply primarily to the Series B tests. The Series

A test models had already been forwarded to NASA-MSC and were not available

for a second look at the time of this writing. Also, all recession results

for the Series A tests are averages only; no minimum/maximum measurements

were made.
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The surface recession rate variation with heat flux and heat transfer

coefficient is presented in Figure 9-32 for all results on the 5026-39HCG mate-

rial in air. The stagnation point correlations presented previously are also

included for comparison purposes. The actual conditions of the shear tests

were sonic and subsonic flow with a turbulent boundary layer which of course

do not correspond to the laminar, stagnation point conditions for which the

correlations were developed. The correlations are sufficiently general how-

ever that there is no reason to believe that they should not be applicable

to these conditions. As seen from Figure 9-32, the results fall well above

the correlations except those for the 9,000 Btu/ib - 3 psf condition which

fall very close to the correlation. Actually all other recession rates are

a factor of about 2 higher than that indicated by the correlations. There is

no obvious explanation for this observed difference in behavior relative to

the correlations. The most likely possibility seems to be the pressure effect

above 1 atm observed for the high pressure tests, Section 9.1.2.2. Of course,

another possible expanation is the experimental problems discussed previously.

The effect of heat flux and heat transfer coefficient on surface tempera-

ture is presented in Figure 9-33, again for the 5026-39HC material in air.

The surface temperatures are close to but consistently higher than those ob-

served at similar conditions in stagnation point flow. The same possible

rationalizations presented above for surface recession also apply here.

From Figure 9-32, it is apparent that recession rate varies approximately

as the heat transfer coefficient (s = PeUeCH) at the 3,500 Btu/ib conditions,

the only enthalpy level for which there are enough points to exhibit this

trend. The shear stress also varies approximately as the heat transfer coef-

ficient (T w _ PeUeCH) as shown in Figure 9-34 and therefore it can also be

said that the recession rate is proportional to shear stress (s = TW) . It is

difficult to definitively say which parameter is controlling, PeUeCH or T w,

but intuitively PeUeCH seems to be the answer. The effect of shear, if it

were important, would be expected to be non-linear with shear; that is,

would be expected to increase proportionately faster as the shear is increased.

Again, however, the above observations and interpretations are somewhat

clouded by the potential experimental problems discussed previously.

The surface recession rate and dimensionless recession rate parameter

B' are plotted functions of shear stress in Figure 9_35 for all 5026-39HCG

models tested in air. The observations discussed above are apparent in this

figure; note that constant B' is equivalent to s _ PeUeCH .

The comparison of the performance of the three materials considered,

5026-39HCG, P2019, and 5026-22, is presented in Figure 9-36 in terms of

and B'. The 5026-39HCG material consistently exhibits the highest recession
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rate and the 5026-22 material the lowest. When viewed in terms of weight

loss (B' = Spp/PeUeCH = mp/PeUeCH ) , the 5026-22 material still exhibits the

lowest loss rate but the P2019 material now becomes the highest. The large

differences in B' values at the 3 psf shear level are somewhat surprising

in the light of the results at the higher levels. No definitive explanation

appears possible based on the limited results available.

The comparison of results for the air and nitrogen environments is pre-

sented in Figure 9-37 for _le _u2u-_9_CG material. The nitrogen results

exhibit a lower _ and B' in general, with the recession rate for nitrogen

at the 3 psf shear level being less than 1 mil/sec. The results generally

agree with the trends of the nitrogen-air comparisons for the stagnation

point models presented in Section 9.1.2.3.

Because of the generally erratic recession response of the shear test

models, it was difficult to assess the effect of exposure time. No definitive

trend is apparent and no effect would be expected based on the stagnation

point flow results.

9.2 ANALYTICAL PREDICTION RESULTS

The results of the analytical predictions of the 5026-39HCG material per-

formance are discussed in the following sections. As presented previously in

Section 7, the Aerotherm ablation computer programs, which are a detailed

model of the surface and in-depth response of ablative materials, were used

to make the predictions and the input information was provided by a thorough

characterization of the properties of the 5026-39HCG material. The discussion

of the prediction results is presented in two sections. Section 9.2.1 dis-

cusses the performance predictions corresponding to model tests performed

under the experimental program and Section 9.2.2 discusses the parametric

study results.

9.2.1 Comparisons with Test Results

The predictions corresponding to model tests were performed in two parts.

First the measured surface recession rate and surface temperature were imposed

as surface boundary conditions and the material in-depth response was calcu-

lated (CMA program, Option 2). Second, the measured heat transfer coefficient,

recovery enthalpy, pressure, and the system chemistry were imposed as sur-

face boundary conditions and the complete material surface and in-depth re-

sponse was calculated (CMA progran_Option i) . These two sets of calculations

are discussed separately in Sections 9.2.1.1 and 9.2.1.2 respectively.
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9.2.1.1 In-Depth Response

The predicted in-depth response for the 14 test models considered and

the comparison with the measured model performance is presented in Table 9-7

and Figure 9-38. The table presents the in-depth post-test response and the

figure presents the internal temperature histories. Note that the average

surface recession rate presented in the table and the measured surface tem-

perature history presented in the figure were the input surface boundary

_n_itions. In the table, boundaries for defining the pz_dict_d _har _pS.

and pyrolysis zone depth were defined as

char - pyrolysis zone interface

0cpi = Pc + 0.08 (pp - pc )
(9-9)

pyrolysis zone - virgin material interface

Pppi = pp - 0.08 (pp - pc ) (9-10)

where 0p is the virgin material density (34.0 ib/ft 3) and Pc is the char

density (16.0 Ib/fts) . The predicted weight loss was determlned from the

calculated loss per unit surface area due to both char removal and in-depth

decomposition and from the surface area of the model instrumented core. Note

that all predicted performance results presented include the effect of heat

soak after test. In Figure 9-38, the predicted internal temperature histories,

the solid lines, are superimposed over the measured response, the symbols.

The predictions correspond to the measured thermocouple locations. Note that

the results for Models 158/BH/I.0 and 140/BH/I.0 are not included in Figure

9-38 since the measured surface temperatures were somewhat questionable and

there were very little internal temperature data on which to make a comparison.

For all results presented, the calculated internal response was transient

throughout the test, with the exception of the Phase III high pressure tests;

that is, the char thickness and pyrolysis zone thickness were increasing

throughout the test. The comparisons presented therefore represent a true

test of th_ computer program treatment and property data used for transient

response calculations. It is also interesting to note that the pyrolysis

zone - virgin material interface, defined by Equation (9-10), corresponded

very closely in all cases to the location of the 1,000°F isotherm.

From Table 9-7 and Figure 9-38, the general agreement for all variables

for all 14 models considered is seen to be good. The results at low heat

flux, Models 93/BH/2.0 and II4/BH/4.0, exhibit the greatest discrepancy
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between measured and predicted performance, although this discrepancy is pri-

marily limited to the char depth and thickness. This result is not too sur-

prising since the surface scab which occurred in both of these tests was not

characterized in the computer calculation; the scab was the surface and in-

depth material for a considerable depth (_ 0.060 inch) and would be expected

to have thermal properties far different from those of the char. Note that

the models for which melt droplets were observed on the surface exhibited as

good agreement with the predictions as those which did not. Also the models

tested in the helium and nitrogen environments, for which the surface reces-

sion was small relative to the similar conditions in air, exhibit excellent

agreement between measured and predicted performance.

In summary, the computer program treatment of the in-depth response of

and the property data for the 5026-39HCG material, presented in Section 7,

effectively characterizes the transient in-depth response of the material.

9.2.1.2 Surface Response

The predicted surface response and the comparison with the measured

model performance is presented in Table 9-8 and Figures 9-39 through 9-42.

The input surface boundary conditions for the predictions were the heat

transfer coefficient, enthalpy, and pressure presented in the table and the

char, pyrolysis gas, and free stream chemistry as presented in Section 7.

The in-depth response is not presented since it was discussed in detail in

the previous section and since any in-depth comparisons are not informative

unless predicted and measured surface response agree. In the table, only

the results for the particular model for which the prediction corresponded

are presented whereas in the figures all experimental results at the same

nominal conditions are included. The correlations defined in Section 9.1

are also included in the figures for comparison purposes.

Before discussing the comparisons between measured and predicted response

in detail, a comment on the predicted surface recession rate as a function of

exposure time is in order. Contrary to the observed experimental performance,

the calculated recession rate for all test conditions but those in Phase III

at high pressure is a strong function of exposure time. This is illustrated

in Figure 9-39 for representative tests of Table 9-8. The comparison of

measured and predicted response is therefore a function of the exposure time

for all tests for which the comparison is made. It should be noted, however,

that the predicted surface temperature is not a significant function of ex-

posure time, in agreement with the experimental results. Computationally,

the immediate reason for the s - e effect is the varying pyrolysis off-gas

rate with time, high early in the test and decreasing with time, this rate

directly affecting the surface thermochemical response. Recall that the
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boundary layer edge gases and the pyrolysis off-gases are treated as a gas

phase in chemical equilibrium which in turn is in chemical equilibrium with

the surface. One possible explanation for the predicted recession rate de-

pending on time, contrary to measurement, may therefore be that this theore-

tical characterization of the pyrolysis gases and/or their interaction with

the edge gases and surface is incorrect. Other possible assumptions that

might characterize the pyrolysis gases more accurately include assuming the

pyrolysis _ses to be chemically inert with the edge gases and tc b_ _tber

reactive or non-reactive with the char surface, considering the pyrolysis

gases to be frozen at the composition at which they are formed (corresponding

to a temperature of about 1,200°R), and allowing coking in-depth and the re-

sultant change in gas phase composition to occur (see Reference 7-2). These

possibilities are discussed in detail in Section 9.3, based on the chemical

and physical properties test results.

All predicted and corresponding measured results for surface temperature

are presented in Figure 9-40 as a function of heat flux. The agreement be-

tween prediction and measurement is excellent for all tests in air but those

at low heat flux. In these cases the surface scab occurred, the scab pro-

viding the apparent explanation for the non-agreement.

The variation of surface recession rate with the inverse of surface tem-

perature is presented in Figure 9-41. The measured and predicted results

exhibit good agreement at high surface temperature and recession rate but

poor at low temperature and recession rate. This poor agreement is due to

the significant underprediction of surface recession at moderate and low

heat flux as noted from Table 9-8 and Figure 9-42. The theoretical model

therefore appears to be reasonably correct at high surface temperature but

deficient at moderate and low temperature. This will be discussed further

in Section 9.3. Note that any changes in the theoretical model must result

in little change in predicted surface temperature, both in magnitude and

variation with exposure time.

The predicted and measured surface recession rates are presented in Fig-

ure 9-42 plotted against heat flux. The results at high heat flux ( > 500

Btu/ft2-sec) agree quite well although the general tendency to underpredict

the measured performance is apparent. At low heat flux the measured reces-

s&on rate is significantly below that predicted. It is also apparent that

the higher the enthalpy at a given heat flux, the poorer the agreement. This

certainly provides further information on which to analyze the adequacy of

the theoretical model; however, taken alone, this observation provides no

immediate rationale for changes to the model.
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For the helium environment, the predicted surface recession rate was
zero (Table 9-8). The measured recession for the helium case, however, was
finite but also small and, as discussed in Section 9.1.2.3, could well be
attributed to char shrinkage. It is interesting to attempt to quantify this

effect and apply it to the measured recession for the air results. It is

not unreasonable to assume that the shrinkage is proportional to char thick-

ness and if so the measured performance in the helium environment indicates

that the surface recession due to shrinkage is approximately i0 percent of

the char thickness. The recession due to effects other than shrinkage may

therefore be defined by

(net surface recession) = (measured surface recession)

-0.i0 (char depth)

For the test results in the air environment, the 0.i0 of char depth correc-

tion is very small relative to the measured recession. 6 This shrinkage

effect therefore does not explain the discrepancy between the measured and

predicted surface recession and does not change the interpretations of the

test results presented previously.

The predicted surface recession for the nitrogen free stream environ-

ment was also zero; however, contrary to the results for helium the measured

recession was quite significant (Table 9-8). Some surface recession mechan-

ism associated with nitrogen is apparently not being accounted for in the

analytical predictions, its omission providing a potential explanation for

the poor agreement of predicted and measured recession in air. The mechanism,

if it exists, is probably chemical, either a gas phase - solid phase reaction

(or reactions) or some effect which causes or influences condensed phase re-

actions at the surface. A brief search for possible gas phase and condensed

phase species that might support the existence of such a mechanism was there-

fore made. Based on the available thermochemical data no gas phase species

was overlooked that might have explained the observed performance. One con-

densed phase species which could have affected the surface response, Si3N4,

was not included. This species would not be expected to occur, however, and

as a further check the X-ray diffraction patterns were reviewed to specifically

6The low heat flux results demonstrate somewhat of an exception to this

sweeping generalization. For the cases where the surface recession was

less than 1 mil/sec the shrinkage correction can be as large as 30 per-

cent of the measured recession. The correction is therefore small,

however not negligible for these cases.
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look for its existence in all surface samples (Section 6.3). No evidence
of Si3N4 was found. It should be noted that the surface temperature was well
below that at which the pyrolysis gases would be expected to react with the
char. Further studies of this nitrogen environment phenomenonare certainly
warranted but are beyond the scope of this contract.

The observed surface condition, the predicted surface material, and the

measured surface materials (from the chemical analysis tests) are also in-

cluded in Table 9-8. The predicted surface material is that species which

is governing the surface recession, either chemically or through liquid re-

moval. In the case where two materials are indicated, the solution fell be-

tween points such that one point was one of the indicated surface materials

and the other, the other material. It was therefore impossible to define

which one was governing the material response. In all cases where comparisons

can be made, the specie predicted to be governing the material response was

also found to be present as a surface material.

As discussed in Section 7, the possible surface species had a fail tem-

perature corresponding to the temperature of phase change from solid to li-

quid. The most significant specie for the 5026-39HCG material in this regard

is silica (Si02) . Although silica exhibits no discrete phase change but

rather a continual decrease in viscosity as temperature increases, a phase

change temperature of 3,390°R was indicated (Reference 7-3) and taken as the

fail temperature. Note however from Table 9-4, that flowing silica droplets

began to appear somewhere in the temperature range of 2,900°R to 3,200°R,

with an appropriate experimental fail temperature probably being on the low

end of this range. This apparently provides at least a partial explanation

for the low predicted surface recessions in the low and moderate heat flux

range. If the lower fail temperature had been used, higher recession rates

would be expected wherever SiO 2 appeared as a surface specie at or above the

fail temperature. Additional calculations are required to check out the mag-

nitude of this effect and its influence on surface temperature and other re-

sponse results.

The results of the chemical and physical properties tests also shed light

on the adequacy of the theoretical model. For instance, in some cases the

char surface chemical composition was far from that assumed in the analytical

prediction calculations. These results will be discussed in detail in Sec-

tion 9.3.

In summary, the surface response of the 5026-39HCG material is not gen-

erally adequately characterized by the theoretical model used in the calcula-

tions performed herein, although the in-depth response is accurately charac-

terized by the model. The comparisons of measured and predicted response
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have suggested several possible reasons for the inadequacy, several possible
approaches to eliminating it, and the constraints which must be followed in
the process.

Prior to developing a completely accurate theoretical model, the results
of this program allow a semi-empirical approach to material performance pre-
diction which should provide reasonable accuracy. The surface response may
be defined by the two basic correlations presented in Section 9.1 and, with

these as boundary conditions, the in-depth response may be calculated using

the theoretical model as demonstrated in Section 9.2.1.1. It is of course

hoped, and expected, that the discrepancies in the surface response theoret-

ical model are not too obscure and the inclusion of the phenomena in it not

too difficult to allow an accurate, completely theoretical technique for pre-

dicting the response of the 5026-39HCG material. The results discussed in

Sections 9.1 through 9.3 provide a firm basis for such an effort, but were

beyond the scope of this study.

9.2.2 Parametric Study

The parametric study performed under the analytical predictions phase of

the program employed the complete surface and in-depth theoretical model pre-

sented in Section 7 and discussed in Section 9.2.1. Based on the discussion

of Section 9.2.1, the results presented herein cannot be expected to be quan-

titatively correct. The qualitative trends are felt to be reasonable however

and therefore the results are valuable in this regard. The parametric study

results are discussed in the following paragraphs; the results presented were

tabulated previously as Table 7-2 which may be referred to for a complete de-

scription of the parametric study conditions.

The predicted effect of exposure time on surface recession rate and sur-

face temperature is presented in Figure 9-43 for a broad spectrum of test

conditions. The predictions exhibit the relatively small effect of exposure

time on surface temperature discussed previously. The surface recession rate

is dependent on exposure time, once it is predicted to occur, contrary to the

measured surface recession response. It should be noted that all subsequent

results must be considered in the light of the predicted exposure time effect.

The predicted effects of heat flux and heat transfer coefficient are

presented in Figures 9-44 and 9-45 respectively. These results present no

surprises. The surface recession rate and surface temperature increase with

increases in both parameters. At a given heat flux, the recession rate in-

creases with decreasing enthalpy as expected. The recession rate at a given

heat transfer coefficient is relatively independent of enthalpy whereas the

surface temperature increases with increasing enthalpy. Note that these

trends are consistent with the correlations of Section 9.1.
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The predicted effect of enthalpy on material performance is presented in

Figure 9-46. The surface recession rate at constant heat flux increases with

decreasing enthalpy as noted above. The surface temperature at constant heat

flux is relatively independent of enthalpy.

The predicted effect of pressure on the surface temperature is presented

in Figure 9-47. As noted from the figure the effect of pressure is negligi-

ble; the exposure time is the primary variable that affects the surface tem-

perature in the results presented.

The predicted effect of oxygen content on material performance is pre-

sented in Figure 9-48. The recession decreases with decreasing oxygen mass

fraction, being zero or small for the pure nitrogen environment. The one

case of finite recession in nitrogen occurs at high heat flux and high sur-

face temperature. The surface temperature is related to oxygen content pri-

marily through surface recession; the higher the surface recession rate the

lower the surface temperature.

Finally, the predicted effect of combined convective and radiative heat-

ing on material performance is presented in Figure 9-49. The surface reces-

sion rate and surface temperature at a given convective heating rate increase

with increasing radiative heating; for the case considered, an increase in

radiative flux from 0 to 500 Btu/fta-sec (total flux from 200 to 700 Btu/

fte-sec) results in an increase in recession rate of about 50 percent and in

surface temperature of about 30 percent. The partition of the total flux

between convective and radiative is seen to be important for surface reces-

sion rate but to have very little effect on surface temperature.

9.3 CHEMICAL AND PHYSICAL PROPERTIES TESTS RESULTS

The results of the chemical and physical properties tests performed on

models exposed to simulated reentry conditions are discussed in the following

sections. These tests included microchemical quantitative analysis and X-ray

diffraction studies of surface materials and in-depth char, density distribu-

tion measurements as determined by X-ray transmission, infrared spectra mea-

surements of the in-depth char and surface materials, and surface and in-depth

photomicrographs. The results of this test program were presented in Section

6 3; they are _nall, z_d below in terms of their description of the suzface _nd

in-depth response, the surface response being discussed in Section 9.3.1 and

the in-depth response in Section 9.3.2.

Before discussing the specific results for the test models, it is infor-

mative to review the results for the virgin material. The measured chemical

composition of the virgin material is presented in Table 9-9. The three

"measured" compositions represent different approaches to handling the mea-

sured moisture content. Note that nitrogen was not measured and assumed to

be negligible. The virgin material composition used in the analytical pre-

dictions is also included in the table for comparison purposes. The agree-

ment between measured and assumed composition is good; however, the measured
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ash and oxygen content are slightly higher than that assumed, the carbon and

hydrogen content slightly lower. Since the measured composition was based

on a single test and the measured and assumed compositions are quite close,

the assumed composition for the analytical predictions is felt to be a rea-

sonably accurate chemical characterization of the virgin material. The char

composition assumed in the analytical predictions is also included in the

table for completeness; this composition will be referred to subsequently.

The virgin material exhibits large variations in silica content as in-

dicated by the X-ray densitometer measurements (Figure 6-33). Recall that

the X-ray density is basically an indicator of silica density and not overall

material density. The magnitude of these variations was no less than + 18
m

percent for the two models considered (Model Nos. 114 and 27), these varia-

tions occurring in regions as small as 0.005 inch in thickness.

9.3.1 Surface Response

The chemical test results pertinent to the analysis of the material sur-

face response, including the microanalysis, X-ray diffraction, and infrared

spectra measurements, are summarized in Table 9-10 for all models for which

zhese tests were performed. The test conditions to which the models were

exposed and their surface and in-depth response to these conditions is also

included.

For the three models for which the surface scab and surface globules

were observed (Models 91, 114, and 30), the scab or globule material was al-

most exclusively ash, this ash being primarily silica. Therefore, as ex-

pected, when melt removal occurred (the globule cases), this removal was due

to the flowing "liquid" silica. Note from the photomicrographs (Figure 6-32)

that the globules covered a large spectrum of size; as they flowed they

apparently collected other globules and also entrapped some gases. Much of

the char surface was not covered with a melt in these cases (Figure 6-32).

Therefore two separate but interrelated surface recession mechanisms appar-

ently occurred, these being melt removal as reflected by the globules, and

surface chemical reactions at the exposed char surface not covered by glob-

ules. (The globules themselves are of course subject to decomposition and

to reaction with the gas phase species.) This apparent duality in surface

removal mechanisms is not currently treated in the theoretical model.

For the case of the scab, the entire char surface was protected by an

agglomerated mass of primarily silica fibers. Because of the low surface

temperature, silica was not removed in liquid globule form but apparently

continued to build up with exposure time, this build up resulting in a de-

crease in recession rate with exposure time. Note that a small amount of
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surface recession was predicted to occur (Figure 9-42) due to silica decom-

position and gas phase reactions with the silica. In this case the theoret-

ical model was apparently consistent with the observed surface condition even

though the predicted surface recession was too low. Two possible explana-

tions for this discrepancy are apparent. The scab exhibited a rough surface

and appeared to be porous; this could result in a large effective exposed

surface area and therefore a higher surface recession. Also in the process

of scab formation, agglomeration may result in a densification of the scab

and the resultant shrinkage and apparent surface recession. Either or both

mechanisms could provide the explanation for the differences between

the measured and predicted surface recession as observed from Table 9-8 and

Figure 9-42. There are also other possibilities as noted below.

As shown in Table 9-10, the scab is, at least in part, crystalline in

form, _-cristobalite (_-SiO 2) having been identified by X-ray diffraction.

At higher temperatures typical of globule formation, the silica is amorphous.

At still higher surface temperatures, above about 3,500°R where no surface

melt is observed, silicon carbide and carbon appear in crystalline form as

8-SIC and graphite. The graphite formation could be the high temperature

graphitization of the carbon in the char or it could be coking of the pyroly-

sis gases to form pyrolytic graphite (or it could be both). Note that the

graphite content of the surface samples was no greater than i0 percent by

weight of the total sample and therefore no greater than about 30 percent

of the total carbon in the samples. This however does not preclude coking

as a significant surface and in-depth response mechanism since amorphous

carbon deposition can also occur. In the cases where silicon carbide occurred,

the microanalysis indicated that this concentration was less than 2 percent

by weight in all cases, with Model 80 tested in the nitrogen environment ex-

hibiting the highest value (_ 1.9 percent). Silicon carbide formation there-

fore does not appear to be an important mechanism in influencing the surface

response. Note that this conclusion does not necessarily apply to the high

pressure test results (Phase III, Models 158 and 140) for which no results

pertinent to quantifying the silicon carbide concentration were obtained.

As noted in Table 9-10, the char ash-to-carbon ratio measured is signifi-

cantly less than that assumed in the analytical predictions for all models

except those which exhibited the scab or globules on the surface. These mea-

sured results can be interpreted as reflecting a high carbon content at the

surface due possibly to coking of the pyrolysis gases or to a depletion of

silica at the surface. The depletion of silica certainly appears to be real

based on the in-depth X-ray densitometer trace for Model 27 (the only model

so studied for which a silica "melt" was not observed on the surface) ; this
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trace was presented in Figure 6-33b. The silica content exhibits a signifi-
cant, steadily decreasing trend through the char towards the surface. No
quantitative density information is available to actually define the silica
content. The mechanismof this apparent silica depletion is somewhatobscure.
Possibilities include in-depth condensedphase reactions such as

Si02* + C*- SiO + CO (9-11)

for which the products are in gas phase, silica decomposition in-depth to
form gas phase species

SiO2*-_ SiO + 1/2 02 , (9-12)

and in-depth silica at high temperature and therefore low viscosity being

transported to the surface by the pryolysis gases and then removed by decom-

position and chemical reaction. The former reaction has been observed and

quantified as discussed in Reference 9-5.

The possibility of a higher carbon content at the surface, the other

possible explanation for the low measured surface ash-to-carbon ratio, cannot

be supported or refuted by the available test results. The X-ray densitometer

measurements were not sensitive to carbon and no other measurements indicative

of absolute quantitative carbon content are available. The source of the high

carbon content, if it actually occurs, is more than likely coking of the

pyrolysis gases.

Actually both effects - silica depletion and carbon deposition - are

probably occurring in the real situation. The relative magnitude of these

effects would be expected to be a function of the environmental conditions

which in turn affect the temperature distributions and temperature histories.

Once the surface temperature exceeds that for which a melt is apparent on

the surface, however, no environmental or response variable, including sur-

face temperature itself, seems to correlate with the ash-to-carbon ratio

(Table 9-10). This lack of correlation could simply be scatter in the mea-

surements; however, if it simply is scatter, the scatter seems to be unrea-

sonably high.

The high:_n_to-carbon ratio for the char surfaces on which the,scab_and

globules were observed (Table 9-10) is apparently due to the surface and near

in-depth temperatures being too low for the carbon deposition and silica de-

pletion mechanisms mentioned above to be contributing significantly to the

surface response. In the case of the scab there was, of course, no mechanism

for silica to be removed in quantity. It is interesting to note that the char
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surface ash-to-carbon ratio decreases with decreasing silica "melt" observed
at the surface.

Based on the above discussion, it is apparent that the chemical charac-
terization of the char assumedfor the analytical predictions was in error
certainly for cases where the surface temperature was above 3,500°R. The
average measuredash-to-carbon ratio for models tested in the air environment
and which exhibited surface temperatures above 3,500°R was 0.52, this value
being just half of the value assumedin the predictions (1.05). The use of
this average surface value in the predictions would certainly be expected to
change the predicted surface response. It is interesting to note that, for
the one model for which in-depth ash-to-carbon ratio measurementswere made
for the non-globule surface conditions (Model 27), the average ash-to-carbon
ratio for the complete char layer was approximately 1.05, the value corres-
ponding to the analytical predictions.

The surface char density assumed in the analytical predictions may also

be in error. No results were available in the chemical and physical proper-

ties tests to define this density. Based on the comparisons of predicted

and measured weight loss presented in Table 9-7, however, the overall char

density characterization appears quite accurate.

The models exposed to the helium and nitrogen environments both exhibited

very low surface ash-to-carbon ratios (Table 9-10). For the helium environ-

ment model, the surface exhibited significant quantities of silica in fiber

form (Figure 6-32); it has the appearance of a virgin material in which the

resin had pyrolized and the silica had been left undisturbed. The low ash-

to-carbon ratio is therefore probably due to coking of the pryolysis gases.

For the nitrogen environment model, no discrete fibers are apparent (Figure

6-32). In this case the low ash-to-carbon ratio may be attributed to both

carbon deposition and silica depletion, the carbon deposition possibility

being consistent with the black surface deposit observed on this model. It

should be noted that the surface temperatures for the helium and nitrogen

environment models were significantly different (3,875°R and 4,425°R, respec-

tively). Visual inspection of Model 86 which was tested in a helium environ-

ment and for which the surface temperature was 4,600°R revealed the same sur-

face appearance as the lower temperature helium environment model. Therefore,

_he above discussion is qualitatively a function of d_e chemical environment

only and not surface temperature as well. Based on these results and as dis-

cussed in Section 9.2.1.2, there appears to be a significant effect of nitro-

gen on the surface response, an effect which apparently is not accounted for

in the theoretical model and for which no explanation is currently available

as discussed in greater detail in Section 9.2.1.2.
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In summary, the chemical and physical properties tests results provided

a detailed description of the 5026-39HCG material surface after exposure to

simulated reentry conditions. This description allowed a preliminary defini-

tion of the material surface response mechanisms. When a surface melt occurs,

in the form of a scab or globules, the melt is almost exclusively ash which,

in turn, is primarily silica. For these cases, the char surface exclusive

of the melt exhibits a high ash-to-carbon ratio which decreases with decreas-

ing amount of observed melt. When _lobules are observed, two surface removal

mechanisms may well be important; one being liquid runoff, the other being

surface chemical reactions with the char surface not covered by globules. At

conditions for which no surface melt is apparent (surface temperatures above

about 3,500°R), the surface ash-to-carbon ratio is quite low, being about

half the average ratio for the complete char layer. This low ratio at the

surface is due to the probable combination of carbon deposition and silica

depletion. The carbon deposition is apparently due to coking of the pryoly-

sis gases at and near the surface; the silica depletion is apparently due to

silica decomposition and/or silica-carbon or carbon gas phase reactions. Con-

trary to the theoretical surface response model, nitrogen exhibits a strong

influence on the surface response of the material either directly or indi-

rectly. Helium exhibits no such influence. Based on all the above results,

the theoretical model used in the analytical predictions to characterize the

surface and surface response is in error in some respects. The two primary

problem areas are the assumed ash-to-carbon ratio being about twice that

actually measured for the cases where no surface melt was observed, and the

observed effect of nitrogen on surface response which was not apparent in

the analytical predictions.

9.3.2 In-Depth Response

The chemical test results pertinent to the analysis of the in-depth mate-

rial response, including the microanalysis, X-ray diffraction, and infrared

spectra measurements, are summarized in Table 9-11 for the two models for

which the in-depth tests were made. The test conditions to which the models

were exposed and their surface and in-depth response to these conditions

were presented in Table 9-10. The chemical compositions of the char and

virgin material used in the analytical predictions are also included in Table

9--ii for comparison purposes. Further discussion of the virgin material test

results is presented in the introduction to Section 9.3.

For Model 27 the ash-to-carbon ratio from the pyrolysis zone to the sur-

face exhibits an increase from the virgin material value to a maximum in the

central part of the char region followed by a decrease to a value at the

surface which is less than the virgin material value. This variation
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is illustrated in Figure 9-50 which presents the ash-to-carbon ratio results

in terms of the approximate locations at which the samples were taken. The

maximum ash-to-carbon ratio corresponds to a maximum temperature in-depth of

about 2,000°R. This is illustrated in Figure 9-51a which presents the pre-

dicted maximum in-depth temperature (from Option 2 predictions presented in

Section 7.4) seen by the material during test or cooldown. 7 Model 114 also

exhibits the same general trend, however, the peak is not as high and is

spread out more than that for Model 27. Th_ asb-t_-_rbon _tio decreases

towards the surface once the peak is reached but at the surface jumps up

to a high value. As mentioned previously, this very high ash-to-carbon

ratio at the surface for Model 114 is due apparently to the absence of a

mechanism to remove silica from the surface.

The region in which the maximum ash-to-carbon ratio occurs for Model 114

also corresponds to a temperature of about 2000°R. Based on these results for

both models, resin decomposition and the associated loss of carbon in gas

phase species apparently occurred up to temperatures of about 2000°R. This is

in agreement with the Option 2 analytical predictions (Section 7.4) wherein

pyrolysis was predicted to be complete at about 2200°R. Above about 2400°R_

carbon deposition and/or silica depletion are apparently occurring. As

discussed in Section 9.3.1, both of these in-depth mechanisms are probably

important. Carbon deposition due to coking apparently occurs at an increasing

rate with increasing temperature, at temperatures above about 2400°R. The

pyrolysis gases are therefore carbon rich at temperatures of the order of

2400°R, their carbon content continually decreasing thereafter as coking occurs

at higher temperatures. Additional discussion of the carbon deposition and

silica depletion mechanisms was presented in Section 9.3.1 and is not repeated

here.

From the results for Model 27 presented in Figure 9-5Q, the average ash-

to-carbon ratio between the surface and the peak value is approximately 1.05,

the value corresponding to the analytical predictions. The value at the sur-

face is, of course, the proper one to be used in predicting the surface re-

sponse, however. Based on the average ash-to-carbon ratio, the in-depth model

corresponding to the analytical predictions appears to be correct on an aver-

age basis. This applies to the char chemical composition and may also be

generalized to the pyrolysis gas chemical composition.

Figure 9-51 also relates the in-depth crystal structure and the infrared

spectra results to the internal temperature. Below temperatures of about

7As seen from Figure 7-4, the in-depth temperature continues to increase

after test at locations significantly below the surface. The maximum

temperature at these locations is therefore achieved during the cool-

down period, not during test.
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2,000°R the 5026-39HCG material is amorphous. From about 2,000°R to 3,000°R

the silica in the material is, at least in part, in the form of _-cristoba-

lite. Above about 3,000°R, graphite and _-silicon carbide are found in small

quantities due to the graphitization of carbon or pyrolytic deposition

(coking) of the pyrolysis gases and due to silica-carbon or carbon contain-

ing gas reactions. Note that the infrared spectra characterization of tem-

perature agrees quite well with the analytical prediction of temperature.

In summary, the chemical and _ly_ical properties test results provided

a detailed description of the in-depth response of the 5026- 39HCG material

after exposure to two simulated reentry conditions. This in-depth response

is intimately related to the surface response and therefore many of the con-

clusions pertinent to the in-depth response were presented previously in

Section 9.3.1. The in-depth ash-to-carbon ratio exhibits a considerable

variation with depth, the maximum value being achieved in a region where the

maximum temperature was about 2,000°R. The decrease towards the virgin

material is due to resin pyrolysis; the decrease towards the char surface is

due to the carbon deposition and/or silica depletion mechanisms discussed in

Section 9.3.1. Based on the test results, in-depth theoretical characteriza-

tion of the char used in the analytical predictions appears to be correct

on an average basis.
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SECTION i0

CHARACTERIZATION OF MATERIAL RESPONSE

The analysis of the 5026-39HCG material response is summarized in this

section through a characterization of the surface and in-depth material

performance. This characterization is based on the analysis of the or_aram

results presented in Section 9 and draws on all program efforts - reentry

simulation tests, analytical predictions_ and chemical and physical properties

tests. The adequacy of the theoretical characterization of the material

response is also reviewed.

This summary is divided into three sections. The characterization of the

surface response is presented in Section 10.1 and the characterization of the

in-depth response is presented in Section 10.2. Section 10.3 summarizes a

technique for predicting the complete material response based on these

characterizations.

10.1 SURFACE RESPONSE

The surface response of the 5026-39HCG material under stagnation point

heating conditions in air is reasonably well characterized by two basic

correlations, one relating the surface recession rate to the surface temper-

ature and the other relating these surface response parameters to the environ-

mental conditions. The relationship between the surface response parameters

of recession rate and temperature is presented in Figure i0-i. The two

correlation lines adequately represent the reentry simulation results of this

program. The relationship of the surface response parameters to the environ-

mental conditions of heat flux, heat transfer coefficient, and enthalpy is

presented in Figure 10-2. This correlation adequately represents the results

of this program and corresponds to surface recession rate proportional to heat

transfer coefficient together with a cutoff limit beyond which this proportion-

ality no longer applies. The surface temperature can be related to the envir-

onmental conditions through the combination of Figures i0-i and 10-2.

The two basic correlations are essentially ildepen_ent _of "stadnation

pressure over a broad range. Above a stagnation pressure of about 1 atmosphere,

however, the correlations no longer apply. The response of the material becomes

pressure sensitive and mechanical removal of the surface char apparently occurs.

The measured recession at these conditions is the order of 2 1/2 times that

indicated by the correlation (Figure 10-2).
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It is important to note that the above correlations were derived from

the results of this program and therefore strictly apply only for the range

of conditions considered. The correlations are felt to have a general

validity over a broader spectrum of conditions however.

The surface recession rate and surface temperature response of the

5026-39HCG material is essentially independent of exposure time except at low

heat flux - below a cold wall convective heat flux of about 50 Btu/ft2sec.

At these conditions a surface scab of agglomerated fibers that are prlmarily

silica occurs. The scab apparently builds up with time providing protection

to the char surface and resulting in a decreasing recession rate with

increasing time. The surface scab is observed to occur at surface temperatures

of about 2900°R and below, the approximate temperature at which silica begins

to flow on the surface.

In the approximate surface temperature range of 3200°R to 3800°R, a

surface melt in the form of globules occurs on the surface. These globules

are primarily silica and flow along the surface and in the process coalesce

with other globules and entrap gases. Above a surface temperature of about

3800°R_ no surface melt is apparent. The char surface is primarily silica

and carbon in the approximate ratio of 0.52.

The crystal structure at the surface can also be characterized by temper-

ature. The silica at the surface is at least in part u-cristobalite in the

approximate temperature range 2000°R to 3000°R. Silicon carbide (_-SiC) and

graphite appear above about 3000°R. The S-silicon carbide occurs in only

small quantities (< 2 percent) whereas the quantity of graphite can be as

high as about 30 percent of the carbon in the char. The graphite formation

is apparently due to coking of the pyrolysis gases or graphitization of the

carbon in the char.

Char shrinkage is apparently a real but small contributor to the surface

recession. Based on results in a helium environment, this shrinkage is no

greater than about i0 percent of the char thickness.

The surface recession in a nitrogen environment is significant, being

much higher than that for helium at comparable conditions. This recession is

apparently due to gas phase reactions with the char or to an effect on

condensed phase reactions at the char surface. The actual mechanism has not

been identified.

The correlations presented in Figures i0-i and 10-2 also represent

reasonably well the surface recession rate and surface temperature response

of the material under combined radiative and convective heating conditions.

In relating the surface response to the environmental conditions the correlation

should be used in terms of heat flux where the convective heat flux is replaced

by the total combined heat flux.
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The theoretical characterization of the 5026-39HCG material response use_

in this program did not accurately represent the surface response of the

material. The predicted surface temperature agreed closely with that measured

but the predicted surface recession was always lower Lhan that measured. The

most obvious problems in this theoretical characterization were in the area of

input information. The assumed char surface chemical composition was in error;

the silica-to-carbon ratio is approximately 0.52, not 1.05 as used in the

analytical predictions (the approximate average value for the char in-depth).

This discrepancy also reflects a discrepancy between the actual and assumed

pyrolysis gas chemistry at the surface. Finally, the actual flow temperature

for SiO 2 was found to be lower than that assumed; approximately 3000°R

actually rather than the 3390°R assumed. Also a more basic problem apparently

exists although it could be related to the above input problems. The signif-

icant effect of nitrogen on the surface recession response mentioned previously

is not accounted for by the theoretical model and the mechanism that should be

included has not yet been identified. Additional analytical predictions using

the above updated input information are required for further assessment of the

theoretical model. This additional effort was beyond the scope of the contract.

10.2 IN-DEPTH RESPONSE

The in-depth response of the 5026-39HCG material, contrary to the surface

response, is transient except at high heat flux. This response is therefore

in general a strong function of exposure time and hence not subject to simple

correlations such as developed for the surface response. The in-depth

theoretical characterization of the material response is an accurate represen-

tation of this response however. This theoretical model therefore provides an

accurate means of predicting the in-depth response for a given surface response.

Because of the transient nature of the in-depth response any detailed

quantitative summary of this response is not sufficiently general to be

included here. Other general information pertinent to its characterization is

summarized below, however.

Resin decomposition occurs at in-depth temperatures up to about 2200°R.

At this temperature the silica-to-carbon ratio is high and steadily decreases

_ow_d the surface, as temperature increases_ approa_hlllg _ vdlue at the surface

of about 0.52. The decrease in silica-to-carbon ratio is due to carbon depo-

sition and/or silica depletion. The source of carbon deposition is apparently

coking of the pyrolysis gases. The source of silica depletion is more obscure

although its existence is apparently real. It is probably due to silica

decomposition to gas phase species or due to condensed phase reactions between

silica and carbon, also yielding gas phase species.

The in-depth formation of a crystalline structure occurs at approximately

the same temperature conditions as indicated in Section i0.i for the surface.
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10.3 PREDICTIONOFMATERIALRESPONSE

The surface response and environmental conditions correlations presented
in Section i0.i and the in-depth theoretical model discussed in Section 10.2
provide a complete characterization of the response of the 5026-39HCGmaterial
The correlations define the surface recession rate and surface temperature
response for given environmental conditions. The in-depth theoretical model,
with this surface response as input, then defines the in-depth response.
These surface and in-depth characterizations taken together therefore provide
a meansof predicting the complete response of the material to stagnation
point reentry heating conditions. This prediction technique allows the
calculation of material response for a broad spectrum of environmental
conditions, including transient conditions typical of a reentry trajectory.

The results summarizedin Section i0.i also provide information necessary
to checking out and improving an even more powerful prediction technique - the
combined surface and in-depth theoretical model. This complete model will
provide a prediction technique which is generally applicable and reliable for
the complete spectrum of conditions to be experienced by the Apollo thermal
protection system.





SECTION Ii

RECOMMENDATIONS FOR FUTURE WORK

The results of this program have provided a quantitative characterization

of the 5026-39HCG Apollo thermal protection material over a broad spectrum of

reentry h_ati_g conditions. The program has also pole,ted out several questions

regarding its response to reentry heating and several problems in theoretically

characterizing this response. The answers to these questions and solutions to

these problems were beyond the scope of this program but should certainly be

the subject of future studies. Areas where a better definition of test

conditions is desirable were also identified under the program and should also

be the subject of future studies. The recommendations for future work, based

on the results of this program, are presented in this section. These recommen-

dations are outlined briefly below in two categories. The first, Section ii.i

presents recommendations pertinent to the further characterization of the

material response to reentry heating conditions. The second, Section 11.2

presents recommendations pertinent to improved test and instrumentation

techniques and to a better definition of test conditions. Concluding remarks

are presented in Section 11.3.

ii.i DEFINITION AND CHARACTERIZATION OF MATERIAL PERFORMANCE

ii.i.I Further Evaluation of Empirical Correlations

The two basic empirical correlations of surface response presented in

Sections 9 and i0 were based exclusively on the results of this program.

These correlations should be checked against the results of other reentry

simulation tests to establish their validity and generality.

11.1.2 Study of the Material Response in Nitrogen

The cause of the significant surface recession observed herein in the

nitrogen environment has not been identified. A study should be initiated to

define the mechanism or mechanisms of this recession. The possible chemical

reactions should be investigation further, including the possibility of

unaccounted for carbon-nitrogen species, unaccounted for interactions with the

pyrolysis off-gases, and effects on possible condensed phase reactions. Tests

in nitrogen over a broader spectrum of conditions and possibly including other

materials such as a carbon - epoxy novalac - phenolic material or a very high

purity silica - epoxy novalac - phenolic material would be informative in

defining the mechanism. The study should also include additional and more

detailed chemical analysis of the char surface material.
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11.1.3 Study of Shear Effects

The response of the 5026-39HCG material under off-stagnation-point heating

conditions in both laminar and turbulent flow should be studied more defini-

tively and over a broad spectrum of conditions. A sonic duct configuration,

in conjunction with a vacuum system, should be used for the majority of tests.

This combination would allow an accurate definition of the material response

over a broad spectrum of well defined test conditions. Some tests should be

performed in subsonic and supersonic duct configurations to allow a differ-

entiation between shear level and heat flux effects and identify any effect

of Mach number.

11.1.4 Further Study of In-Depth Respons_

The analysis of in-depth response performed herein identified carbon

deposition and silica depletion as two apparently important in-depth response

phenomena. The mechanisms of these phenomena should be identified definitively.

Detailed density measurements coupled with detailed chemical analysis would

quantitatively define the mass distribution of carbon and silica and the

distribution of molecular composition in the char. Laboratory tests which

isolate each of the two mechanisms would certainly be informative. Pyrolysis

gas sampling and subsequent mass-spectrometer analysis at in-depth locations

could identify the elemental carbon distribution through the char and the

existence of gas phase silicon compounds.

11.i.5 Further Study of Surface Response

The program herein resulted in a partial characterization of the surface

response. This characterization should be completed through more detailed

tests and analyses than possible under this program. The low heat flux region

in which the scab and globules occur at the surface should be studied in

detail. The scab should be characterized more thoroughly including an

approximate definition of its properties and rate of formation. Its response

to transient heating typical of trajectory conditions should also be studied

to define its integrity and performance as the severity of heating conditions

increases. The surface globules should be better characterized including an

improved definition of the surface temperature at which they begin to form.

The existence and importance of the dual surface recession mechanism - melt

removal plus chemical reactions with the exposed char - should be studied. A

more detailed characterization of the high surface temperature char should also

be accomplished.
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ll.l.6 Study of the Effects of Transient Conditions on Material Response

All reentry simulation tests performed in this program were at constant

environmental conditions. The effects of transient conditions typical of a

reentry trajectory should also be studied. To define these effects, portions

of a trajectory would be simulated through the controlled variation of test

conditions. The measured response would then be compared with predictions of

this response based on the correlations presented herein and on the theoretical

characterization of the material response. These comparisons would then

provide a definition of the transient effects, if any.

11.i.7 Study of Char Shrinkage

The results of this program indicate that char shrinkage is a significant

though small surface recession mechanism. Tests should be performed to better

quantify this mechanism and to define whether it occurs during heating or

during the cooldown period after test.

11.I.8 Analysis of the Theoretical Model in the Light of New Input

Information

The results of this program demonstrated that some of the input information

used in the analytical predictions performed herein was in error. These

predictions should be performed again using this better input information and

possibly parametrically varying this input within the limits indicated by the

program results. The input to be considered would include the char surface

chemistry, pyrolysis gas chemistry, pyrolysis gas molecular composition (e.g.

equilibrium or frozen), pyrolysis gas interaction with the boundary layer edge

gas and surface material, and fail temperature above which melt removal is

allowed.

i1.i.9 High Pressure Tests

Tests at high stagnation pressure (Ps _ 1 atm) should be performed in a

multi-megawatt facility to allow reasonably large model sizes to be used.

This would reduce the apparent problems encountered herein in such high

pressure tests.

ll.l.10 Combined Convective and Radiative Heating Tests

Tests at combined convective and radiative heating conditions should be

performed for a broad spectrum of conditions and with a radiation beam that

covers the complete model surface. This would reduce the problems encountered

in this program in such tests.
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11.2 TEST AND INSTRUMENTATION TECHNIQUES

11.2.1 Definition of Properties and Heat Transfer Parameters for Non-Air
Streams

The definition of test conditions under this program for non-air environ-

ments was incomplete in that mass flux and heat flux enthalpies were not able

to be defined and heat flux and heat transfer coefficient calculations were

not possible. Calculations to define sonic flow conditions, supersonic

expansion properties, transport properties, and heat transfer coefficients

should be performed for non-air gas systems such as helium, argon, nitrogen,

and nitrogen-oxygen mixtures to allow the complete definition of test condi-

tions for these systems.

11.2.2 Measurement of Local Enthalpy and Mass Flux

The current state-of-the-art at the start of this program did not allow

definitive local measurements of enthalpy and mass flux to define the radial

distribution of these properties. Sharp-tipped probes should be developed to

provide definitive measurements of these properties in supersonic streams

and once developed should be used for the further analysis and detailed

definition of test stream properties.

11.2.3 Dia@nostics of High Enthalpy Conditions

Tests at high enthalpy (> 15,000 Btu/]b) for which the supersonic anode

configuration was used resulted in significant radial nonuniformities in

stream properties and the relation between energy balance enthalpy, mass flux

enthalpy, and heat flux enthalpy was not able to be defined. Further charac-

terization of these streams should be performed through detailed measurements

(e.g., Section 11.2.2) and theoretical calculations of constrictor arc

properties distributions and expansion characteristics.

11.3 CONCLUDING REMARKS

The above recommendations for future work were based on the results of

this proqram and covered the major problem areas and areas of question indicated

by the program. Further effort is required to completely characterize the

5026-39HCG material response to reentry heating conditions and to provide a more

detailed description of arc heated test streams in which this response is

determined. The above recommendations cover many of the requirements for

future work in these areas; the list, though thorough, cannot be regarded as

complete.


